Development of Finite Element Tool for Study of Interaction between Air-Coupled Ultrasonic Wave and Solid Plate by Bakhtiar, Muhammad Zulfadhli
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
THE UNIVERSITY OF QUEENSLAND 
 
 
 
 
Development of Finite Element Tool for Study of Interaction 
between Air-Coupled Ultrasonic Wave and Solid Plate 
 
 
 
Student Name:  Muhammad Zulfadhli, BAKHTIAR 
 
Course Code:  MECH4501 
 
Supervisor:  Associate Professor Dr Martin Veidt 
 
Submission date:  30 May 2019 
 
 
 
 
I 
 
Abstract 
 Air-coupled ultrasonic testing has become one of the most used methods for non-
destructive testing of material. It’s characteristic of not having to be in contact with test specimen 
has become a key role in preserving the integrity of a test specimen and transducer. However, air-
coupled ultrasonic transducer suffered from high impedance mismatch between transducer 
surface and air medium which makes it inefficient for analyzing defect at high frequency. This 
means that it is hard to analyze small defects which is only possible at high frequency of analysis. 
 In this study, ANSYS software is used to develop a finite element tool to study the 
interaction between ultrasonic wave and solid plate. The reliability of this tool is validated through 
a series of validation tests. Important aspects of finite element modelling such as element type and 
size used, fluid-structure interaction and absorbing boundary condition are tested. From this, it 
was decided that the use of quadratic hexahedral element with six and 20 elements per 
wavelength for fluid and structural body respectively is the best choice for this model. 
Furthermore, PML is chosen for absorbing boundary condition with three element per thickness 
layer for best accuracy and computational efficiency. 2.5D model has also been developed with 
reliability for use in validation tests to replace the 3D model and proved to be more computational 
efficient. 
 Interaction between air-coupled ultrasonic wave and solid plate is also studied. The effect 
of varying the frequency of wave propagation, wave incident angle and plate material on plate 
deformation is examined. For all these three aspects, the deformation of the plate becomes larger 
when 1) frequency is lower, 2) wave incident is larger and 3) plate material with high impedance 
mismatch with air is used. 
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Chapter 1: Introduction 
1.1 Background 
Defects in structure are common whether in manufacturing stage or industrial application 
stage. Early detection of defects is crucial in preventing the failure of structure during application. 
However, some defects such as internal cracks, porosities and fiber misalignment in composite 
materials are frequently not visible to the naked eye. Hence, various studies have been done to 
explore the different ways to detect internal flaws using a system called non-destructive test (NDT). 
The most common methods are the use of ultrasonic testing (UT), acoustic emission, eddy current 
and radiographic as techniques to evaluate the mechanical properties of a component and detect 
its internal flaws without causing damage to it.  
This paper will focus on the use of ultrasonic testing. Ultrasonic is the spectrum of sound 
with frequency more than 20kHz. This sound is produced by ultrasonic transducer device which 
converts electrical energy to mechanical energy in a form of vibrations in the ultrasonic frequency 
range which consequently produces sound waves. Ultrasonic testing usually requires two 
transducers to operate which are transmitter and receiver transducer. This energy conversion is 
applied for transmitter transducer whose function is to produce the ultrasonic waves. At receiver 
transducer, the opposite energy conversion occurred where ultrasonic waves are converted to 
electrical signal for result analysis. This is called a direct technique of sound wave generation.  
Indirect technique on the other hand, generate an ultrasonic wave at the test piece instead 
of the transmitter such as the use of laser to heat up an area on the test piece which in turn will 
generate ultrasonic wave [1]. One of the direct techniques of ultrasonic testing is the use of air-
coupled ultrasonic transducer. Air-coupled means that the coupling between the transducer and 
test specimen is air. An illustration of different types of coupling used in ultrasonic testing are 
shown in figure 1.  
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Figure 1 Types of coupling for transducer 
In water-coupled, the medium between transducer and test plate is water. On the other hand, 
for contact transducer, surface of the transducer touches the test plate causing direct vibration to 
the plate. Air-coupled transducer has advantages over water and contact transducer such as: 
1) Suitable for testing materials that are highly reactive to water such as foams, composites 
and paper 
2) Transducer design doesn’t have to consider interaction with water such as water-resistant 
properties or corrosion due to water. 
3) No damage to the surface of transducer and tested material since there is no vibration 
contact between the two surfaces as in contact transducer. 
However, non-contact transducer often faces a problem of impedance mismatch since the 
coupling used between the transducer and test plate is air. Air has very low acoustic impedance in 
relative to other solid materials. Table 1 shows examples of acoustic impedance of different 
materials and air. 
Material Specific acoustic impedance, MRayls 
Air 0.0004 
Magnesium 10.98 
Aluminium 17 
Stainless steel 45.45 
Table 1 Specific acoustic impedance of different material 
In theory, when the higher the impedance mismatch between two mediums, more waves 
are reflected at the interface. In air-coupled transducer, most of the waves are reflected at the 
interface thus reducing the wave signals received by the receiver transducer. This subsequently 
decreases its efficiency. For example, a book by Bhardwaj, M.C [2] shows that the amount of energy 
loss at the interface using air-coupled ultrasound is about 160 dB while transmission through water 
only has a loss of 20 dB. Many researches have been done to overcome this problem such as the 
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use of piezoelectric crystals that contain high piezoelectric properties to increase its efficiency [3] 
and using thin polymer film as the matching layer [4].  
 However, studying the efficiency of air-coupled transducer through experimental work 
alone may require a lot of time due to various factors that need to be considered. Using numerical 
simulation to model the testing system will decrease the amount of time and cost required to 
choose the best experimental set-up for further research.  And this is the motivation for this thesis. 
It focuses on building a simulation model so that studies on the interaction between air-coupled 
ultrasonic wave and solid plate can be accomplished. This thesis focuses on using ANSYS software 
for developing the model. ANSYS is a finite element method (FEM) software which is a numerical 
problem-solving tool for engineering simulation. It covers various areas such as structural analysis, 
heat transfer and fluid mechanics.  
The reason this software is chosen is because it has the capability to perform acoustic 
analysis which is the main part of this thesis. This means modelling of ultrasonic waves is possible 
and studies on the interaction between ultrasonic waves and solid plate can be done. Besides, this 
research will be the foundation for future research regarding air-coupled ultrasonic testing for 
University of Queensland (UQ). As a foundation for future research, it is important that the 
software used is easily accessible by researchers and students in UQ hence the other reason why 
this software is chosen. 
The motivations of this thesis can be summarized into two: 
1) To study the interaction between air-coupled ultrasonic waves and solid plate. This is 
motivated by the fact that the interface between transducer’s surface and its coupling 
medium, air has very high impedance mismatch which could lead to inefficiency of 
ultrasonic testing.  With this study, it could open up possibilities for future research on ways 
to reduce the effect of impedance mismatch. 
2) Using simulation tool to model the interaction between air-coupled ultrasonic waves and 
solid plate provides a lot of practicability since using the simulation tool, various testing 
condition can be done that otherwise would be expensive and time consuming if done 
experimentally. 
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1.2 Aim 
The primary aim of this thesis is to develop a reliable finite element tool capable of studying the 
interaction between air-coupled ultrasonic wave and solid plate. This tool needs to be 
computationally cost efficient and accurate. This can be achieved through: 
1) Literature review on the characteristic of air-coupled ultrasonic wave such as wave 
generation and propagation and it’s interaction with solid 
2) Literature review on the important aspect of finite element modelling such as element 
type, fluid-structure interaction and absorbing boundary conditions to gain better 
understanding on finite element method and to determine the best way to develop the 
model 
3) Performing validation tests on each aspect of the developed model to determine the best 
condition for it 
4) Simplification of model through symmetry boundary condition and development of 2.5D 
model to achieve computational efficiency. 
The secondary aim of this thesis is to study the interaction between air-coupled ultrasonic wave 
and solid plate using the developed finite element tool. This is done by varying various parameters 
of the model configuration such as frequency, wave incident angle and plate material. The effect 
of changing these parameters is studied. 
1.3 Scope 
This section presents the scope of this thesis. 
In scope 
• Studies on the generation of ultrasonic wave and analysis on the vibrational behavior of the 
transducer and pressure field produced  
• Studies on different element types and effect of not using required size on the accuracy of 
the model 
• Defining the fluid-structure interaction to allow the interaction between ultrasonic wave in 
air and structural body to be analyzed 
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• Studies on different absorbing boundary conditions to investigate their suitability for the 
model 
• Studying the validity of using 2.5D model to replace 3D model to reduce computational cost 
• Investigation on the effect of changing testing parameters of the studies on interaction 
between air-coupled ultrasonic waves and solid plate. 
Out of scope 
• Modelling the wave propagation through the plate and from the plate to the receiver 
transducer 
• Analysis in time domain 
 
1.4 Thesis Outline 
Table 2 shows the structure of this thesis: 
Chapter Description 
2 This chapter provide literature review on the concept of ultrasonic testing and 
finite element method.  
3 This chapter describes the simulation model developed based on knowledge from 
literature review. 
4 This chapter presents all validation tests that has been done to provide confidence 
on the reliability of the described model in Chapter 3. 
5 This chapter shows studies on the interaction between air-coupled ultrasonic 
waves and solid plate. 
6 This chapter provides conclusion of the completed work along with 
recommendations for future work 
Table 2 Thesis Outline 
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Chapter 2: Literature Review 
In this chapter discussions on the concept of ultrasonic testing and finite element method are 
made. These concepts are further analyzed by reviewing past researches made regarding this topic. 
With this discussion of the concept and literature reviews, it aims to provide understanding and 
justifications to readers on the design of finite element model described in Chapter 3. 
2.1 Overview of Ultrasonic Testing 
2.1.1 Properties of Ultrasonic Wave 
Sound is a mechanical vibration of particles that propagate as a wave of pressure in medium 
such as air and solid. Ultrasonic transducer utilizes the use of ultrasonic waves in the sound 
spectrum. Generally, the spectrum is divided into three which are infrasonic, audio and ultrasonic 
identified based on the vibration oscillation of their sound pressure known as frequency. Human 
ear can only detect sound in the audio spectrum which has a range of frequency between 20 and 
20000Hz. Infrasonic on the other hand has frequency less than 20Hz whereas ultrasonic is more 
than 20000Hz [5]. 
What makes ultrasonic waves applicable for non-destructive test is that it can be reflected 
and refracted, properties very similar to light wave. In ultrasonic testing, ultrasonic waves are 
propagated along the test subject and if the wave coincide with any anomaly in the subject, some 
of the wave will be reflected thus giving information of the defect location. Figure 2 obtained from 
[6] shows an illustration of how it works. 
 
Figure 2 Illustration of wave signals 
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The probes are used to generate ultrasonic waves where it is transmitted into a test plate. 
For the probe on the left, two peaks can be observed. The first peak indicates the initial pulse of 
the probe while the second peak is due to reflection at the bottom of the plate. When tested at 
area with defect, three peaks are observed. The additional peak at the middle is due to waves 
reflected at the defect. Waves that are not reflected travel through the defect but with less 
amplitude compared to the initial pulse as seen on the third peak. Using this information, the 
location of the defect can be determined by evaluating the time taken for the wave to reach the 
defect.  
2.1.2 Generation of Ultrasonic Wave 
Ultrasonic wave can be generated by utilizing a piezoelectric effect. It was discovered in 
1880 by Curie brothers where when a piezo-electric material is deformed by a mechanical vibration 
or pressure, electrical charges are produced on its surface. In 1881, the reverse phenomenon is 
discovered where when an electric current is applied to the said material, the electrical energy is 
converted into mechanical vibrations [7]. This is the phenomenon used in ultrasonic testing to 
generate an ultrasonic wave.  
As mentioned in previous section, the frequency of sound wave is measured from the 
vibration oscillation of the sound pressure. Hence, by applying an alternating voltage across the 
piezo-electric material, the material will oscillate at the same frequency of the alternating voltage. 
Knowing that sound spectrum is really huge, generating a desired wave frequency is important to 
produce high quality result. This is because the size of defect that can be detected depends on the 
wave frequency. As the frequency of the wave increases, the smaller the defect that can be 
detected [8]. However, higher frequency also means that the waves are more prone to dispersion 
causing signal to noise ratio detected at receiver to be fairly low. On the other hand, the lower the 
wave frequency, the less prone it is to dispersion in exchange of its ability to detect small defect. 
Thus, the correct frequency for the application need to be chosen so that the frequency used is 
enough to detect defect in structure while still allowing high signal to noise ratio to be measured  
[8].  
Another important factor to consider in generating an ultrasonic wave is its amplitude. 
Most common problem faced by an air-coupled ultrasonic transducer, is low wave amplitude 
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measured at receiver probe. This is because lots of the wave transmitted from transmitter probe 
to solid are reflected due to impedance mismatch. This will reduce the wave amplitude measured 
at receiver probe, making the results hard to be analysed due to low signal to noise ratio. To 
address this problem, the desired wave amplitude can be determined by adjusting the voltage 
applied to the transmitter probe since the two variables are linearly proportional to each other. 
2.1.3 Piezoelectric Transducer 
In a conventional piezoelectric transducer, there are four main components that made the 
transducer which are the active element, backing material, matching layer and casing as shown in 
figure 3. Each of these components has its own purpose. 
 
Figure 3 Overview of conventional piezoelectric transducer 
Active Element and Casing 
Active element is the source of vibration in the transducer. It is made from piezoelectric 
material and as explained previously, will vibrates when voltage is applied to it and vice versa. As 
shown in the figure, voltages are applied at the top and bottom surface of the active element to 
produce a voltage difference across the its thickness. This way, it will cause the active element to 
vibrate the most in the direction of the thickness. The purpose of the casing is to provide an 
enclosure to the whole system of the transducer. 
Backing Material 
In non-destructive testing, having a good axial resolution is one of the parameters that 
indicates the efficiency of a transducer. Axial resolution is based on the duration of received signal. 
Shorter signal duration means higher axial resolution. In high axial resolution, results can be 
interpreted much easier due to the low disturbance in signal produced by damped waves [9]. 
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Figure 4 shows the difference between high and low signal resolution. Less disturbance in signal is 
observed on high resolution compared to low-resolution signal. To obtain a high-resolution signal, 
the backing material is required as it will acts as a damper on the active element to damped out 
the oscillation. 
 
Figure 4 Signal resolution 
Many studies have been done to incorporate an efficient backing material to the 
transducer. Most of these studies focus on trying to achieve transducers with wide bandwidth so 
that the receiving sensitivity is high for larger range of frequency. One of the studies suggests 
manufacturing a really thin backplate. However, the problem with this is, it is almost impossible to 
manufacture the plate to less than 50μm without damaging it due to its fragility. An example of 
backplate technology can be seen in [10]  where Zhihong Wang et al have studied on the use of 
PZT/silicon wafer bonding technique to integrate a perforated damping backplate onto the 
transducers. Using the technique developed, PZT wafer with thickness less than 20μm can be 
manufactured and attaching the silicon backplate to the transducer, the damping factor of the 
transducer is increased thus producing a wider bandwidth and higher resolution. 
Matching Layer 
The function of matching layer is to assist with the transfer of energy from the active element 
to the coupling medium. It aims to reduce the effect of impedance mismatch between the 
transducer’s surface and coupling medium to avoid disturbance in the transfer of energy between 
the two mediums. When sound wave propagating in a medium meets an interface of other 
medium, it will either gets partially reflected, totally reflected or totally propagated through the 
medium. This depends on the characteristic acoustic impedance, Z of the two mediums given by 
equation 1: 
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Equation 1 Acoustic Impedance 
𝑍 = 𝜌𝑐 
Where 𝜌 = density of medium and 𝑐 = speed of sound in the medium. The relationship of acoustic 
impedance between the two mediums can be described in terms of pressure, 𝑝𝑅/𝑇 and power, 
𝑊𝑅/𝑇 coefficient as follows:  
Equation 2 Power and Pressure coefficient 
𝑝𝑅 =
𝑍2 − 𝑍1
𝑍2 + 𝑍1
 
𝑝𝑇 = 1 + 𝑝𝑅 =
2𝑍2
𝑍2 + 𝑍1
 
𝑊𝑅 = |
𝑍2 − 𝑍1
𝑍2 + 𝑍1
|
2
 
𝑊𝑇 = 1 − 𝑊𝑅 = 1 − |
𝑍2 − 𝑍1
𝑍2 + 𝑍1
|
2
 
Where 𝑍1 and 𝑍2 = acoustic impedance of 1
st and 2nd medium respectively and subscript 𝑅 
and 𝑇 stands for reflection and transmission respectively. Table 2 shows the comparison between 
air-steel and water-steel mediums, pressure and power coefficient obtained from [11]. From the 
table, it is evident that the coefficient of power transmission from water to steel is higher than air 
to steel with a ratio of 3525. This shows how low the amount of wave energy is transmitted from 
air to steel compared to from water to steel due to huge impedance mismatch. 
Medium 𝑝𝑅 𝑝𝑇 𝑊𝑅 𝑊𝑇 
Air-Steel 0.9998 1.9998 0.9996 0.0004 
Water-Steel 0.927 1.927 0.859 0.141 
Table 3 Reflection and transmission coefficient of air and water interface with steel 
The most common way to reduce the effect of impedance mismatch is by matching the 
impedance of the matching layer to the mean of impedances of the active element and the 
coupling medium as shown in equation 3.  
Equation 3 Mean acoustic impedance of matching layer 
𝑍𝑚𝑙 = √𝑍1𝑍2 
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Where 𝑍𝑚𝑙  = Impedance of matching layer, 𝑍1 = Impedance of active element, 𝑍2 = Impedance of 
coupling medium. More than one matching layer can be used to greatly reduce the impedance 
mismatch. Studies by Thiagarajan et al [12] is an example of transducer with dual matching layer 
using Glass and Perylene. Figure 5 shows the effect of number of matching layers on fractional 
bandwidth [13]. Higher bandwidth is achieved with higher number of matching layers. 
Furthermore, thickness of the matching layer is typically cut to 1/4 of the desired wavelength. This 
thickness ensures that the waves reflected within the matching layer to be in phase with other 
waves when exiting the layer [14]. 
 
Figure 5 Effect of no of matching layer on fractional bandwidth 
Apart from this, many techniques have been developed to reduce the effect of impedance 
mismatch in an air-coupled ultrasonic transducer. Most of these techniques focus on the structure 
of the matching layer. One example is the use of horn structure by Fletchers and Thweites [14]. 
Figure 6 shows an example of the horn structure as the matching layer. By optimizing the shape of 
horn and the spacing between the horn and transducer surface, a gain of sound pressure level 
about 10dB is achieved for a frequency range between 30 and 100kHz when compared to no 
matching layer.  
 
Figure 6 Example of horn structure in matching layer 
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Furthermore, Minoru Toda [4] has also proposed new methods to reduce the impedance 
mismatch. In his work, two types of matching layer have been proposed which are 1) thin polymer 
film 2) thick solid plate with many tiny through holes. By optimizing the hole size, hole area, 
thickness of the layer and other parameters, high sound pressure gain is achieved compared to 
when no matching layer is used. Based on figure 7 [4], a gain of 15Pa of sound pressure is achieved 
by both types of matching layer at 41Hz of frequency. This shows the importance of matching layer 
in reducing the impedance mismatch between the air and transducer’s surface. 
 
Figure 7 Pressure gains by different types of matching layer 
2.1.4 Wave Radiation 
When transducer vibrates, sound waves are not produced only at one point but across the 
whole transducer surface [15]. Since many waves are produced across the transducer’s surface, 
constructive and destructive waves interferences occurred among the waves produced. This 
causes fluctuation in the acoustic pressure field produced near the surface. This zone is called near 
field. In this zone, the acoustic beam produced are hard to analyze due to the fluctuations. In 
ultrasonic testing, the test specimens are usually not positioned in this zone but in the far field 
zone to avoid the uncertainty of the acoustic pressure field produced. 
The transition point from near to far-field is where the sound waves begin to merge and 
start forming a relatively uniform front. Near this point, maximum acoustic pressure produced by 
the transducer occurred. Past this transition point is the far field where the sound beam is 
unfluctuating compared to the beam in near field. For a circular transducer, the beam originates 
from the center of the transducer and uniformly spreads out as the waves moves further from the 
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transducer surface. This means that the further the measurement point from the transitional point 
is, the lower the pressure field would be due to the spreading. Hence, it is essential to determine 
the distance from transducer surface to the near to far field transitional point. This is to ensure 
that the point where maximum pressure occurred is used during ultrasonic testing for maximum 
effectiveness and also to avoid the use of acoustic beam in near field due to its uncertainty. Figure 
below shows the near and far field produced by an unfocused transducer [15]. 
 [15] 
For an unfocused transducer generating sound pressure in air, the distance between 
transition point from near to far field to the transducer surface are given by equation 4 [15]: 
Equation 4 Near to far-field transition point 
𝑁 =
𝐷2
4𝜆
  
Where N = distance between transducer and transition point, D = diameter of transducer, 𝜆 = 
wavelength. 
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2.2 Finite Element Method 
 In this section, the use of finite element method (FEM) is discussed. Starting with the 
introduction to finite element method and its concept, this section will explore in detail the 
important aspect of it such as the element used for the modelling. Furthermore, since this thesis 
focus on the interaction of ultrasonic waves and solid plate, the aspects of acoustic modelling such 
as fluid-structure interaction and absorbing boundary condition are analysed. In addition to 
literature sources, descriptions of these aspects with respect to ANSYS are given. 
2.2.1 Introduction to Finite Element Method 
Finite Element Method is a numerical method used to solve a wide range of differential 
equations for various engineering problems. It was first used in 1956 by Turner et al. for calculation 
on aircraft structures by using joint bars and triangular plates to discretize the structures into 
individual components. These individual components are later known as ‘element’ and the 
discretization of structures became the basis of FEM. The underlying concept of FEM is, any domain 
can be divided into smaller subdomains called the finite elements. In this subdomain consist a finite 
number of prescribed points called ‘node’ and each node has continuous quantities with unknown 
value referred as degree of freedom (DOF). The elements are connected numerically and are 
represented by polynomial that approximate each element’s displacement field. The 
approximation is done by interpolating the unknown continuous quantity of the elements to 
determine its nodal values. By computing the nodal values for each element, approximation on the 
value at nodes and elements of the whole domain can be done to solve the problem [16] [17].  
2.2.2 Element 
Element types can be divided into four categories which are point, line, planar and solid 
element. Point element such as mass element usually contains only one node. Line element 
consists of 2(truss) or 3(beam) nodes connected by a line. Planar element on the other hand 
contains 3 or 4 nodes forming a triangular or quadrilateral shape which could be used for 2D or 3D 
model. Solid element could only be used for 3D model and has nodes ranging between 4-20 
depending on its shape. These elements can then be categorized further based on the order of the 
interpolation polynomials which are linear first-order and quadratic second-order polynomials. 
Figure 8 shows some examples of element shapes available consisting of their irrespective nodes. 
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Figure 8 Example of elements [18] 
 The efficiency of each element varies based on their capabilities in solving the 
mathematical equation of the corresponding system. For example, first-order element won’t be 
able to solve problems with higher order equation accurately. Figure 9 shows an illustration why 
that’s the case. It shows that the linear plot can’t approximate the quadratic plot of the pressure 
distribution correctly whereas the quadratic plot can produce almost similar approximation.  
  
Figure 9 Linear and quadratic element comparison 
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Langer et al [19] has made a research on the efficiency of elements with different shapes 
and order. In one of his studies, two hexahedral elements with different polynomial order named 
C3D20 and C3D8 in ABAQUS are compared. C3D20 is a 3D hexahedral element with 20 nodes 
discretized using quadratic polynomial while C3D10 is also a 3D hexahedral element but with 8 
nodes and discretized using linear polynomial. 
A beam structure models are meshed using these two elements and the number of 
elements per wavelength required from the beam vibration at 10kHz are determined. For the 
quadratic element, 20 elements per wavelength is required to obtain accurate result with 
percentage error less than 1%. 400 DOF is enough to calculate the first natural frequency of the 
beam vibration. For the highest natural frequency, less than 0.1 seconds computational time is 
needed to solve the model. For the linear element, more than 500 elements per wavelength is 
needed to obtain accurate result with less than 1% percentage error. Using this minimum no of 
elements, the model consists of 4500 DOF with a simulation time of 0.6 seconds. If no. of elements 
used is less than the specified amount, the accuracy is reduced significantly.   
A plot of simulation time against total DOF required is plotted for different elements as 
shown in figure 10. C3D10 is a quadratic 3D tetrahedral element with 10 nodes. From the figure, 
the trend for quadratic C3D20 and linear C3D8 is similar where as the DOF increases, the simulation 
time also increases. However, since quadratic elements requires less elements and DOF to obtain 
similar accuracy as linear elements, it will have a shorter simulation time to obtain accurate results. 
Furthermore, it was found that C3D10, the tetrahedral quadratic element was able to provide more 
accuracy but requires higher computational time to solve the same no degree of freedom 
compared to quadratic hexahedral element. Book by Howard et al [20] agrees with the accuracy 
of tetrahedral where for modelling of complex geometry, tetrahedral works better to model 
shapes that is hard to be modelled by hexahedral element. 
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Figure 10 Comparison of computational time of different types of elements [19] 
Test on a model of air-filled duct is also done by Langer et al [19] to determine the minimum 
required elements per wavelength for linear and quadratic elements in an acoustic region. This 
results in a conclusion that more than six elements per wavelength is required for quadratic 
elements and more than 10 for linear element to obtain accurate result. These requirements on 
the minimum elements per wavelength for acoustic region is also noted in a book by Howard & 
Cazzolato [20]. 
In addition to the minimum no of elements per wavelength required in a general structural 
and acoustic model, Langer et al [19] has also studied on the meshing requirements of a thin-
walled structures. It is found that across the thickness of the thin-walled structures, a minimum of 
two layers of elements are required for quadratic element and three layers for linear element in 
order to obtain accurate results. Furthermore, the maximum aspect ratio allowed of the elements 
in a thin-walled structure is determined to be 1:10 for quadratic and 1:4 for linear element. Aspect 
ratio larger than this will cause the results to diverge. 
ANSYS 
ANSYS has separate elements for modelling of acoustic region and structural body. For modelling 
of acoustic region and structural body made from piezoelectric material, there are six elements 
that can be used for each. For homogenous structural solid, two examples of suitable elements are 
shown. Each has its own characteristics and applicability. Table 4 gives the list of elements available 
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and its characteristics. More information on these elements such as the DOFs at each node, shapes, 
analysis types available, FSI coupling options etc. can be found in [20] and [21]. 
 
Table 4 Element types for acoustic analysis [21] 
2.2.3 Absorbing Boundary Condition 
 Modelling of an air-coupled ultrasonic wave consists of an infinitely large air domain. 
Modelling this infinite domain is computationally expensive and is not feasible. To overcome this, 
absorbing boundary condition (ABC) need to be used for simulation of an unbounded system. Using 
ABC, a finite size domain can be used. This boundary condition is applied at the outer boundary of 
the finite domain to absorb outgoing waves within the domain. This way the infinite air domain 
can be modelled as finite. Without this boundary condition, waves incidence on the outer 
boundary will be reflected back into the domain making it a closed system. The equations used to 
model the absorbing boundary condition can be referred to many literatures such as Gan et al [22], 
Jianguo et al [23] and Bielak et al [24].  
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 Various types of ABC have been developed in the past few decades such as Radiation 
boundary condition (RBC) [23], Lysmer boundary condition [25], Clayton and Engquist absorbing 
boundary condition (CE-ABC) [26] and Perfectly-Matched Layer (PML) [27]. Each of the ABC has 
their own strengths and weaknesses. For example, CE-ABC cannot model the boundary condition 
at corner [28] and has low effectiveness at low frequency analysis [29]. RBC on the other hand, 
needs to comply to plane wave condition and are limited for waves propagating normal to the 
radiation surface for effective absorption [20]. PML, suffers from high computational cost due to 
requiring added layers of element to the model. PML also has issue on instability of absorption of 
tangential incident waves and has complex theoretical derivation [28]. Despite the disadvantages, 
PML excels at absorbing waves from a wider range of angle and frequency. 
A. Rahimi Dalkhani et al [28] has made a comparison between PML and CE-ABC to study 
their efficiency as an ABC. In the study, wave reflections at the boundary of a 2D homogenous 
model with a dimension of 1000m in x and z-directions are measured. Ricker wavelet source with 
20Hz frequency is used. PML and CE-ABC are applied to the model and different thickness of 100 
and 200m are used for PML layer. The results obtained shown in figure 11 shows that the CE-ABC 
is much more efficient than PML with minimal reflection. Besides, comparing between the two 
thickness of PML, a lot of boundary reflections are detected for PML with 100m thickness 
compared to 200m. This shows that the effectiveness of PML depends on its layer thickness. 
 
Figure 11 Boundary reflection results by A. Rahimi Dalkhani et al on the comparison between PML and CE-ABC. L = thickness, R = 
radius of excitation source 
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Furthermore, A. Rahimi Dalkhani et al [28] has also studied the effect of incident wave angle 
on the efficiency of PML and CE-ABC. Ricker wavelet with a peak frequency of 15Hz is used as the 
source. The study concludes that for high incident angle and when the source is near the 
boundaries, PML works better than CE-ABC. However, at low incident angle CE-ABC is better. 
Figure 12 shows examples of wave reflection observed for (a) PML and (b) CE-ABC. More dispersion 
in waves is observed in CE-ABC especially in the area circled at the bottom left of the figure. Apart 
from study on incident wave angle, computational cost associated with each ABC are studied. For 
model with PML, the computational cost is significantly higher than CE-ABC. This is due to the 
added layers of elements on the whole model required by PML whereas in CE-ABC no added 
elements are required. The time taken to complete the simulation with multi-source modelling for 
PML is 6.7 hours and three hours for CE-ABC. This shows the main weakness of PML boundary 
condition. 
 
 
Figure 12 Wave reflection for (a) PML and (b) CE-ABC as studied by A Rahimi Dalkhani et al 
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ANSYS 
In ANSYS, three ABCs are available and ready to use which are PML, RBC and infinite 
acoustic elements. Each of these ABCs have their own characteristics and are limited to certain 
types of analysis as shown in table 5. The characteristics and capabilities of each ABC are explored 
in this section and procedures to implement them in ANSYS are presented. 
Boundary Conditions Modal Harmonic Transient 
PML No Yes No 
RBC Yes Yes No 
Infinite fluid elements Yes Yes Yes 
Table 5 Types of analysis available for each ABC [13] 
Perfectly Matched Layer 
 According to Howard et al [20], the PML ABC in ANSYS is able to absorb all outgoing waves 
except for waves propagating tangential to the boundary layer. This is similar to the statement 
made by A. R. Dalkhani et al [28] regarding the disadvantages of PML. To use the PML in ANSYS, it 
requires certain requirements on the configuration of the model. Figure 13 shows the standard 
configuration of model with PML. 
 
Figure 13 Configuration of model with PML [20] 
 As mentioned previously, PML ABC needed another added layer marked with dash line at 
the outer boundary of the acoustic region as shown in figure 13. This is the reason PML layer 
requires higher computational time compared to other ABCs. Besides, the PML layer also needs to 
have rectangular shape. If not, the boundary condition can’t be defined. This layer can only be 
modelled using FLUID30, FLUID220 and FLUID221. The purpose of equivalent source surface is to 
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provide measurement of various acoustic results outside of the modelled region. Using this, the 
model doesn’t have to be large to measure results at far-field thus the possibility to minimize the 
model size. Buffer zone is needed to separate the equivalent source surface and PML layer. All 
these layers and zones need to follow these conditions: 
1. Distance between excitation source and equivalent source surface needs to be greater than 
half a wavelength of the acoustic wave 
2. Thickness of buffer zone needs to be more than three layers of elements 
3. Thickness of PML layer needs to have more than three elements and more than a quarter 
of the acoustic wave wavelength. 
If these conditions are not met, some of the waves will be reflected back into the computational 
domain affecting result accuracy. However, if the PML is too thick, higher computational cost and 
simulation time is needed [20]. 
Radiation Boundary Condition 
 Different to PML, RBC doesn’t require added layers of elements at the boundary of the 
acoustic region instead, the boundary condition is applied at the boundary’s surface. This boundary 
condition uses “Robin boundary condition” which defines the surface to has an impedance of: 
Equation 5 Impedance of Robin Boundary Condition 
𝑍 =
𝑝
𝑣𝑛
= 𝜌0𝑐0 
Where 𝑝 = pressure, 𝑣𝑛 = acoustic particle velocity, 𝜌0 = density of fluid and 𝑐0 = sound speed of 
fluid. This boundary condition is effective only under these conditions: 
1. Plane wave condition is complied  
2. Outgoing wave propagates normal to the radiation surface  
If these conditions aren’t met, some of the waves will be reflected back into the computational 
domain thus reducing its accuracy. 
Infinite Fluid Elements 
For infinite fluid element ABC, the boundary condition can be applied only on a spherical surface. 
Hence, the air domain needs to be spherically-shaped. Sommerfeld radiation condition are used 
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for this ABC. To satisfy Sommerfeld radiation condition, the waves produced need to spread out 
spherically and if it’s not, some of the waves will be reflected back into the acoustic domain. This 
is opposite to the RBC hence, planar waves are not suitable for this boundary condition. Otherwise, 
it would have excellent absorption similar to PML. The only drawback of this ABC is that since 
spherical-shaped is used, it will cause the acoustic domain to be larger than required hence 
increasing the nodes and elements of the model. 
 
2.2.4 Fluid-Structure Interaction 
 Fluid-structure interaction (FSI) describes the coupled dynamics of a moving fluid and a 
movable or deformable solid structure. An illustration in figure 14 briefly describes the mechanism 
of the FSI coupling. In general, when a fluid with motion impact and compressed on a structural 
body, loading is applied to the body and cause it to deform. Subsequently, the deformation of the 
structure causes fluctuation in the pressure of the fluid and this continues. This coupling is 
governed by a set of partial differential equations with specified boundary conditions. It can be 
solved analytically or numerically. However, analytical solution is only effective for simple 
geometries. An example of this can be seen in study by Andre et al [30]. For most cases, numerical 
methods are more commonly used to approximate the FSI coupling equations. 
 
Figure 14 Mechanism of FSI coupling 
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There are many numerical methods that have been established to solve FSI problems. Some 
of them are immersed boundary method, proposed by Peskin [31], fictitious domain method 
(FictD) [32] Lagrangian Eulerian method (ALE) [33] and Immersed Finite Element Method [34]. Van 
Loon et al [35] has made a comparison between different FSI method in his study comparing 
between ALE, FictD and Combined fictitious domain/adaptive meshing method (FictD/adap). Based 
on the study, each method has its own advantages and disadvantages. For example, at a fixed mesh 
size, ALE is proved to have more accuracy than FictD method. However, FictD has the advantage 
that the fluid and structural body can be meshed separately, and that meshing is only required 
prior to simulation. Since, the meshing can be done separately, FictD has lower computational cost 
than ALE. When comparing the implementation practicality, ALE is the easiest to implement. This 
is followed by FictD and FictD/adap method where FictD/adap is the most labour intensive method. 
From this study, it can be concluded that it is important to choose the right method to model the 
FSI befitting the aim of the analysis. And this would be by analyzing their applicability on different 
type of situations. 
ANSYS 
In ANSYS, the FSI coupling has already been established within the software. Hence, no 
derivation is required to define the FSI coupling. Two types of coupling are available which are: 
1) Matrix-coupled FSI solutions 
2) One-way coupling FSI solutions 
 In matrix-coupled FSI solutions, the fluid interacts with the structural body via coupling boundary 
conditions. In this coupling, pressure and displacement DOF are solved at the same time. Figure 15 
shows the coupling at the FSI interface.  
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Figure 15 Coupling region at the fluid-structure interface 
In the purely acoustic region, only pressure DOF is solved, in purely structural body region, 
displacement DOF is solved. However, at the interface between the two, both DOFs are solved. 
The governing equation of motions of the coupling are shown below. The reason these equations 
are shown is to show how the pressure and displacement interaction is connected. There are two 
governing equations, one for unsymmetric matrix coupling and the other is for symmetric matrix 
coupling. 
Unsymmetric matrix:  [
−𝜔2𝑀𝑠 + 𝑗𝜔𝐶𝑠 + 𝐾𝑠 −𝑅
−𝜔2𝜌0𝑅
𝑇 −𝜔2𝑀𝑓 + 𝑗𝜔𝐶𝑓 + 𝐾𝑓
] { 
𝑈
𝑝
 } = { 
𝐹𝑠
𝐹𝑓
 }  
For Symmetric matrix, nodal pressure transformation variable defined as ?̇? = 𝑗𝜔𝑞 = 𝑝 is 
substituted to the unsymmetric matrix. This results in: 
[
−𝜔2𝑀𝑠 + 𝑗𝜔𝐶𝑠 + 𝐾𝑠 −𝑗𝜔𝑅
−𝑗𝜔𝑅𝑇
𝜔2𝑀𝑓
𝜌0
−
𝑗𝜔𝐶𝑓
𝜌0
−
𝐾𝑓
𝜌0
] { 
𝑈
𝑞
 } = { 
𝐹𝑠
𝑗
𝜔𝜌0
𝐹𝑓
 }  
Where 𝜔 = natural frequency, 𝜌0 = density, 𝑗 = imaginary parts, 𝑀𝑓 = fluid mass, 𝑀𝑠 = structural 
mass, 𝐾𝑓 = fluid stiffness, 𝑀𝑠 = structural stiffness, 𝐹𝑓 = applied fluid load, 𝐹𝑠 = applied structural 
load, 𝐶𝑓 = fluid damping coefficient, 𝐶𝑠 = structural damping coefficient, 𝑈 = nodal displacement, 
𝑝 = nodal acoustic pressure, 𝑞 = nodal pressure transformation variable,  𝑅 = coupling coefficient 
for each node in the FSI surface. Derivation of these equations can be found in [20]. To solve the 
nodal displacements and pressures, the matrix needs to be inversed. This is problematic for the 
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unsymmetric matrix where the computational resource required to invert this matrix is highly 
expensive. Hence, the reason symmetric matrix coupling is developed. Inverting the coupled matrix 
to solve the nodal displacements and pressures is much easier thus lower computational resource 
is required. An example of the comparison between these two matrices coupling is provided in  
[20]. In the book, study of FSI interaction of a flexible plate in an acoustic cavity is made. Based on 
the study, the displacement of the plate and acoustic pressure measured is similar between the 
two coupling matrices as shown in figure 16. The only difference is in the computational time to 
solve the model. Using the symmetrical matrix coupling, the model is solved in 4.5 hours while for 
unsymmetrical coupling, it took 8.8 hours using the same computer resources. This shows the 
advantage of symmetric matrix coupling available in ANSYS. 
 
Figure 16 Comparison of coupling matrix from [20] 
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Chapter 3: Model Description 
In this section, the model developed to study the interaction between ultrasonic sound and 
solid plate is described. The model is created using ANSYS version 19.1 on ANSYS Workbench using 
Harmonic Acoustic analysis tool. Harmonic Acoustic is an implicit analysis that simulates the 
generation and propagation of acoustic wave in an acoustic medium. It is also capable of simulating 
the coupled fluid and structural interaction (FSI). The general Acoustic Equations used in Harmonic 
Acoustic can be found in Acoustic Analysis Guide found in ANSYS HELP [36].  In Harmonic Acoustic, 
steady-state response caused by sinusoidal loads is calculated while excluding the transient 
behavior of the system. Harmonic Analysis operates in frequency domain while in Transient 
Analysis, time domain is used. In a typical transducer system, transient behavior is observed due 
to damping caused by the backing material. However, in this thesis, focus is given on the study in 
the frequency domain for study at various frequency. 
Figure 17 shows the steps used to develop the model. First, a model is built, and material 
properties are defined for each component in the model. Next, the model is meshed with suitable 
element type and size. The boundary conditions, excitation source and fluid structure interaction 
(FSI) is then defined. Finally, the model is solved, and the results are validated.  If the model doesn’t 
adhere to the expected results, changes are made to the model and this is iterated until the final 
model is obtained. To supplement the model descriptions in this section, a step-by-step navigation 
through the DesignModeler and Workbench of the model development are included in Appendix 
A.  
 
Figure 17 Model development process 
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3.1 Model Configuration 
The model consists of 2 main parts which are the structural body and fluid domain. The 
solid plate and excitation source are categorized into the structural body. Fluid domain consists of 
the fluid that surrounds the structural parts and PML layer. The upcoming sections explain the 
purpose and modelling method of each components of the model. The model is build using ANSYS 
Design Modeler. Figure 18 shows the model configuration in (a) 3D, (b) Top (XZ plane) and (c) Side 
view (XY/YZ plane) 
 
Figure 18 Configuration of full model 
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3.1.1 Excitation Source 
The excitation source used is modelled based on a conventional piezoelectric transducer. 
This transducer is chosen because it is one of the most common and simplest transducer designs. 
By designing a simple model, modifications and changes can be made based on this model for 
further researches that requires more specific and complex model.  
In Harmonic Acoustic, many types of excitation source can be applied such as acoustic and 
load source. In acoustic source, there are mass source, surface velocity, diffuse sound field, 
incident wave source and port in duct that can be applied to fluid domain. In load source, there 
are pressure, force and moment load that can be applied to structures. However, if these excitation 
sources are used, the piezoelectric properties of the transducer can’t be implemented. Hence, the 
excitation source can’t be modelled based on piezoelectric transducer. 
  As described in section 2.1.2, piezoelectricity works by applying voltage to a piezoelectric 
material and the electrical energy is converted to mechanical energy causing the material to 
vibrate thus producing sound. To model this behavior, a Piezo and MEMS extension is used. This 
extension is made for ANSYS Mechanical application and can be downloaded from (ANSYS, 
catalog.ansys.com, 2019). Using this extension, coupling between structural and electrical fields 
are established to enable the piezoelectric behavior. More info on this coupling and extension are 
available on ANSYS support [37] . 
As mentioned previously, the conventional piezoelectric transducer consists of four main 
parts which are the active element, matching layer, backing material and casing. However, the 
transducer model seen in figure 18 consists of a thin cylinder only which represents the active 
element. The reasons behind this design are explained in the upcoming subsections. 
Backing Material 
As mentioned in Section 2.1.3, the purpose of backing material is to produce a damping 
effect on the vibration of the active element. However, since Harmonic Acoustic is used for this 
model, the effect of damping won’t be observed. Hence, the backing material is disregarded from 
the transducer model. Because of this, the surface at the back of the active element need to be 
defined with some boundary condition to replace the backing material. The boundary condition 
used is described in the upcoming Section 3.4.1 of the Boundary Condition section.  
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Using Harmonic Acoustic instead of transient won’t be a problem. The reason is in transient 
analysis, results processed are often based on the signal received at the beginning of the vibration, 
where the highest vibration amplitude is measured. In Harmonic Acoustic, no damping occurred, 
and the amplitude will remain the same equal to the measured highest amplitude in transient 
analysis which will yield the same result. Hence, the effect of damping is not necessary to be 
modelled. The only disadvantage is the incapability to observe the waves propagation in time 
domain. 
Matching Layer 
 In this thesis, the coupling medium is air surrounding the transducer. The specific acoustic 
impedance of air is 0.0004Mrayls while other materials such as aluminium and steel are 17Mrayl 
and 45.4Mrayls respectively as shown in table 1. The significantly large value of acoustic impedance 
of solid material such as aluminium relative to air causes the wave vibration from the solid to air 
to be relatively easy. However, when a wave that travel through air incident on a solid, most of the 
waves are reflected due to the huge impedance mismatch. Thus, in an air-coupled ultrasonic 
transducer, matching layer plays a huge role for the receiver transducer to receive the wave 
vibration. Whereas for transmitter, the wave vibration can be transferred easily from the 
transducer surface to air. In this thesis, only acoustic waves produced by the transmitter is studied 
hence, eliminating the matching layer from the model won’t affect the results much. Subsequently, 
the matching layer is not included in the model and the front surface of the active element is set 
as surface with free displacement.  
Active Element and Casing 
 The thin cylinder labelled as the transducer is the active element. The diameter of the active 
element can be varied based on personal preferences. However, the thickness, t is determined 
according to the frequency of analysis based on equation 6: 
Equation 6 Thickness of active element 
𝑡 =
𝑤
2
=
𝑣
2𝑓
 
Where 𝑤 = desired wavelength 𝑓 = frequency of analysis and 𝑣 = fluid medium speed. The reason 
for this is, the active element usually vibrates at a wavelength two times its thickness. Hence, the 
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thickness needs to be cut to half of the desired wavelength [15]. The casing is modelled as fixed 
support boundary condition since its purpose is only to fix the three components; active element, 
matching layer and backing material in place. 
3.1.2 Solid Plate 
A square plate is modelled using DesignModeler and the thickness and length of it can be varied 
freely. This plate is used to study the interaction between ultrasonic waves and a solid plate.  
3.1.3 Fluid Domain 
The fluid domain consists of the fluid surrounding the structure (computational domain) and PML 
layer. Enclosure tool in Design Modeler is used to create the model. The fluid surrounding the 
structure makes up the most part of the computational domain because in this zone, analysis is 
done to study the acoustic effect causes by the source excitation. Results such as acoustic pressure 
and potential energy are calculated in this domain. On the other hand, PML layer creates an 
unbounded system where acoustic wave can be propagated out of the computational domain as 
explained in Section 2.2.3 of Absorbing Boundary Condition section. Without the PML layer, the 
outer surface of the fluid surrounding the structure is modelled as rigid wall. This creates a close 
system where acoustic wave will be reflected at the boundary of the computational domain. 
Section 4.3.2 shows the difference between models with and without the far-field radiation zone. 
The reason PML layer are chosen is explained further in Section 3.4.3. 
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3.2 Material Properties 
3.2.1 Transducer 
Since piezoelectric material is used, some properties of the material need to be defined: 
1. Permittivity Matrix 
2. Piezoelectric Matrix 
3. Elastic Coefficient Matrix 
4. Sound speed and density of material 
Permittivity matrix links the dielectric displacement of the material with the electric field using 
strain, [𝜀𝑆] and stress, [𝜀𝑇] matrix using equation 7. 
Equation 7 Permittivity 
[𝜀𝑆] = [𝜀𝑇] − [𝑑]𝑡[𝑠𝐸]−1[𝑑] 
Where [𝑑] = piezoelectric strain matrix, 𝑠𝐸 = Compliance matrix. 
Piezoelectric matrix links the electric and stress/strain field. It consists of the stress, [𝑒] and strain 
matrix, [𝑑] related by compliance matrix, [𝑠𝐸] as in equation 8.  
Equation 8 Piezoelectric properties 
[𝑒] = [𝑠𝐸]−1[𝑑] 
Elastic Coefficient matrix defines the material linear elastic properties where orthotropic 
elasticity is used for this material. For an orthotropic material, stiffness matrix is the inverse of the 
compliance matrix as shown in equation 9. 
Equation 9 Elasticity properties 
[𝑐𝐸] = [𝑠𝐸]−1 
Where 𝑐𝐸 = stiffness matrix [37] 
Figure 19 shows the input required for the active element material properties. 
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Figure 19 Coupling matrix for piezoelectric material 
3.2.1 Solid Plate and Fluid Domain 
Material for solid plate and fluid domain can be taken directly from ‘Engineering Data’ 
where properties for various materials has been defined by ANSYS. Other materials that are not in 
the database can also be used by manually defining the material. Material “air” is defined for fluid 
domain.  
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3.3 Mesh 
This section describes the element type used for each components of the model; 
transducer, plate, fluid domain and PML layer and the reason for it. The element size used is also 
described and the resulting mesh are shown in Section 4.2. 
3.3.1 Element Type 
As discussed previously, the accuracy and efficiency of the simulation model is mainly based 
on the elements used. Hence, it is important that the right elements are chosen for the model. In 
simulation of fluid-structure interaction, high order interpolation polynomials are used to solve the 
model. Hence, it is important that the elements used to have a high order as well to produce 
accurate results. Based on table 4 in Section 2.2.2, the suitable elements for each component are 
listed as follows: 
• Transducer – SOLID226 and SOLID227 
• Fluid – FLUID220 and FLUID221 
• Plate – SOLID186 and SOLID187 
SOLID226, FLUID220 and SOLID186 are a 20 nodes element that can have various shape 
such as hexahedral, tetrahedral and pyramid. The other is a 10 nodes element and can have only 
tetrahedral shape. According to study by Langer et al [19] and book by Howard and Cazzolato [20] 
mentioned in Section 2.2.2 of Literature Review section, tetrahedral element is more suitable for 
modelling complex geometry where other shapes would have problem modelling. In this model, 
the geometry is rather simple hence the use of tetrahedral would be unnecessary and would only 
lead to extra computational cost. Thus, SOLID226, FLUID220 and SOLID186 are used since other 
shapes that are simpler to solve than tetrahedral such as hexahedral can be chosen. For validation 
of this element choice, simulation tests using the chosen elements and the 10 nodes tetrahedral 
elements were done to compare the results for both. This is shown in Section 4.1.2 in Validation 
Test section. 
3.3.2 Element Size 
As mentioned previously in Literature Review section, for the fluid elements there should 
be at least 6 elements per wavelength. Furthermore, for the structural body, at least 20 elements 
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per wavelength are required. From this, the element size required for both parts can be obtained 
using equation 11 and 12 where the sound speed of air = 343m/s. 
Equation 10 Wavelength of propagating wave 
𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ, 𝜆 =
𝑠𝑜𝑢𝑛𝑑 𝑠𝑝𝑒𝑒𝑑, 𝑣
𝑠𝑜𝑢𝑛𝑑 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦, 𝑓
            
Equation 11 Element size for fluid body 
 𝐹𝑙𝑢𝑖𝑑 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒, ∆𝑤𝐹 =
𝜆
6
 
Equation 12 Element size for structural body 
𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑏𝑜𝑑𝑦 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒, ∆𝑤𝑆 =
𝜆
20
 
These requirements will be studied further by performing a convergence test on the 
number of elements per wavelength required in Section 4.2.2. Since the structural body has 
different element size than the fluid domain, a few layers of fluid are added surrounding the 
structural body with element size in between the fluid and structural body required size so that 
the nodes between the elements can be connected and no drastic change between the element 
size of fluid and structural body occurred. Figure 20 shows the meshing of the model near a 
structural body. 
 
Figure 20 Mesh structure near structural body 
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3.4 Boundary Condition 
3.4.1 Transducer 
Fixed supports are applied at the side and back surface of the active element. Deformation 
due to piezoelectricity occurs only at the front surface. The fixed support at the side illustrate the 
attachment of the active element to the casing thus restricting its movement. The fixed support at 
the top surface represents the backing material described in section 3.1.1 under Backing Material 
section. In reality, the boundary condition at the active element surface attached with backing 
material is actually a free support. So, why is fixed support is used instead of free? The reason is 
discussed in Section 4 on the validation of boundary condition section. Comparison between the 
use of fixed support and free support at the back of the active element are made in the section. 
Figure 21(a) shows the illustration of the boundary condition and figure 21(b) shows the boundary 
condition applied in Workbench. 
 
 
Figure 21 Boundary condition of active element 
3.4.2 Solid Plate  
Fixed supports are applied on the bottom surface at the two ends of the plate as shown in figure 
22 to represents the holder of the plate in real life. 
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Figure 22 Boundary condition of solid plate 
3.4.3 Fluid Domain 
As mentioned previously, ANSYS has three types of ABC which are PML, RBC and infinite 
fluid element. Among these three, PML is used and with justifications from literature review 
regarding these ABCs, the reasons PML is used are:  
1) Ultrasonic wave produced in this model is not planar hence, this will reduce the wave 
absorption at the boundary of the fluid domain if RBC is used 
2) Wave reflected at solid plate will be at angle which will cause ineffective absorption by 
RBC 
3) Using infinite fluid element would cause larger modelling size due to its requirement of 
having spherical shape whereas for this simulation it is more suitable to have cubic shape 
boundary to enclose the square shape of the solid plate. 
Validation tests by comparing results obtained using RBC and PML are made in Section 4.3.2. 
 
Based on the requirements of using PML in Section 2.2.3, the thickness of the PML is set to 
be more than three layers of element and thicker than a quarter of the acoustic wavelength. The 
thickness of the buffer zone is also set to be more than three layers of element. Convergence test 
is done in Section 4.3.2 by varying the PML thickness to determine the validity of these 
requirements. 
 
Figure 23 PML dimensions 
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3.4.4 Fluid-Structure Interaction (FSI) 
Symmetric matrix solver is used for the FSI boundary condition since it is more efficient than 
unsymmetric matrix solver. To use this, all the components need to be set as one body in 
DesignModeler as shown in figure 24 (a). Then the FSI are defined at all surfaces of structural body 
that are in contact with fluid element. Figure 24 (b) shows an example of surfaces (highlighted 
blue) that have been defined as in contact with fluid element. 
 
Figure 24 FSI boundary condition 
3.4.5 Symmetry 
Since the model is axisymmetric, symmetry boundary condition is applied on the XY plane at Z = 0 
and on YZ plane at X = 0. Using this boundary condition, only a quarter of the model is needed to 
be solved. This will reduce the total computational cost and simulation time. Figure 25 shows the 
model with symmetry boundary condition applied. First on (a) XY plane only producing half model 
and next on both (b) XY and YZ plane producing quarter model. Comparison between results 
simulation using models with symmetry and no symmetry are made in Section 4.3.3. 
39 
 
 
 
Figure 25 Symmetrical model 
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3.5 Excitation Load 
 Excitation load in this model comes from the voltage input into the active element. Two 
different voltage amplitudes are applied at top and bottom of the transducer surfaces to produce 
a potential difference across the active element. Due to piezoelectricity, the active element 
vibrates, and the alternating current causes it to vibrate sinusoidally thus producing sound wave. 
In this model, the transducer is polarized in y-direction. This is defined by using y-polarized matrix 
shown in figure 19 in Section 3.2.1. The transducer will emit ultrasonic wave in negative y-direction 
towards the solid plate as seen in figure 26. 
 
Figure 26 Wave emission direction 
 
3.6 2.5D Model 
The main aim of developing a 2D model is to reduce the total computational cost and 
simulation time required in 3D model. Since in 2D model less elements are used, its simulation 
time is typically much lower than a 3D model, it serves as a great tool for validation studies. This 
will complement the 3D model by producing preliminary results that can be studied before 
proceeding with 3D model.  
 
41 
 
For a 2D model, FLUID29 and FLUID129 are required as the element of the fluid domain. 
However, in V19.1, Workbench doesn’t support these elements. Hence, a fully 2D model can’t be 
developed. To overcome this problem, a 2.5D model is developed. The basis of this model such as 
the material, mesh, excitation source and boundary conditions are similar to the 3D model. The 
only difference between these models are on the symmetry boundary condition. Figure 27 shows 
the 2.5D model.  
 
Figure 27 2.5D model 
In 3D model, symmetry boundary conditions are applied on XY and YZ plane at Z and X = 0 
respectively. However, in 2.5D, an additional symmetry is applied on the XY plane. This means two 
symmetry boundary condition are applied at XY plane at a certain distance. This distance between 
the symmetry BC on XY plane determines the model thickness. Applying two symmetry BC on a 
same plane causes the model to have an infinite length in Z-direction. This causes the transducer 
to have a rectangular shape instead of circular. To minimize the model size, the thickness of the 
2.5D model in Z-axis is set equal to the max mesh element size. This is done to minimize the total 
computational cost to solve the model. Changing the model thickness gives no effect on simulation 
results due to the symmetry boundary condition causing all value to be equal along the Z-axis. The 
validity of this model is studied in Section 4.1.  
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Chapter 4: Validation Test 
This chapter aims to provide confidence on the validity of the simulation model described. 
Three validation methods are used:  
1. Using literature sources to compare with the obtained results 
2. In-ANSYS iteration test using different parameters 
3. Convergence test 
The validation tests are done on three main parts which are: 
1. Comparison of 3D and 2.5D and whole model validation 
2. Meshing 
3. Boundary condition 
Descriptions for each test are described and results and discussions of the validation tests 
are presented in their respective sections. In these validation tests, solid plate is excluded from the 
model. This is to focus on the validation of other parts of the model first before proceeding with 
the study of ultrasonic wave interaction with solid plate. All boundary conditions, element types 
and sizes and other parameters used in the validation tests are based on the model described in 
the previous chapter unless stated otherwise. Any parameters that is not mentioned such as 
voltage difference applied, frequency of analysis, transducer’s material and dimension will be 
described beforehand. The model used for the test are in symmetry boundary condition explained 
in Section 3.4.5 hence, for most of the results, only a part of the whole model is visible. All tests 
are done using 6 cores i5-7600 CPU @3.50GHz with 8 GB of installed memory (RAM) and 64-bit 
Operating System. This information is to provide context on the test’s simulation time relative to 
the CPU capability as different CPU specifications will result in different simulation time. 
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4.1 3D and 2.5D 
This section provides comparison of results between 3D and 2.5D model. This is to validate 
that the 2.5D model is reliable to be used for validation purpose. Furthermore, the results are also 
compared to a work by Chen et al [38] titled “Experimental mapping of acoustic field generated by 
ultrasonic transducer”. For simplicity, in this section, the model used in the work by Chen et al is 
addressed as “referred model”. Transducer used in the referred model is a non-contact ultrasonic 
transducer, Ultran NCG50-D50 with an active diameter of 50mm and nominal operating frequency 
of 50kHz. 30 Vrms of sinusoidal voltage is applied on the transducer as an excitation voltage. 
Frequency range between 0 – 80kHz is studied. 
For comparison, the transducer diameter and voltage applied for the 3D and 2.5D models 
are set to the same value as in the referred model. However, there are limitations as to how far 
the 3D and 2.5D models can be validated using the referred model. The limitations are shown in 
table 6. 
Limitations Description 
Inability to create a model with 
identical properties and 
parameters equivalent to the 
referred model 
Information such as the material, elastic coefficient and 
thickness of the active element of the transducer is not 
provided in the referred model. Consequently, the properties 
used in 2.5D and 3D models are different to the referred 
model resulting in different vibration response. 
For 3D model, the range of 
frequency that can be 
measured is limited up to 20kHz 
 
This is due to the huge number of nodes and elements 
required for higher frequency range. Error faced when 
analyzing more than 20kHz is shown in Section 4.1.3. 
For 2.5D model, limitation on 
the shape of the transducer 
The model is infinitely long in the z-direction with rectangular 
shape. Hence, it is impossible to model a cylindrical 
transducer identical to the one used in the reference model. 
Table 6 Limitation on the comparison between 2.5D and 3D model with referred model 
These are the specifications of the transducer used for 2.5D and 3D models in all upcoming tests: 
1) Material: PZT4 
2) Thickness of active element: 3.43mm 
3) Diameter: 50mm 
4) Voltage difference: 30Vrms 
Using this specification, the transducer’s vibration and pressure field produced are analysed. 
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4.1.1 Surface deformation and velocity 
To determine the accuracy of the models, it is important to study the vibrational behavior 
of the transducer as the excitation source first. In this study, surface deformation and velocity at 
the center of transducer in y-direction are measured. The measurements are taken between 0-
20kHz frequency range. The measurement point is shown in figure 28 marked with ‘X’. Figure 29 
shows the results obtained.  
 
Figure 28 Measurement point for surface deformation and velocity 
 
Figure 29 Comparison of surface (a) deformation and (b) velocity for 3D and 2.5D model 
The graphs show that the 3D and 2.5D model has similar amplitudes of surface deformation 
and velocity throughout the frequency. The plot for surface velocity overlaps each other whereas 
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for surface deformation plot, the difference between 3D and 2.5D are only around 0.002e-9 meter 
throughout the whole frequency. To study the reliability of 2.5D model to replace 3D model, 
percentage errors of 2.5D model are calculated based on 3D model using equation 13. The results 
are plotted in figure 30.  
Equation 13 Surface velocity and deformation percentage error of 2.5D model 
2.5𝐷 % 𝑒𝑟𝑟𝑜𝑟 =
𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛3𝐷 − 𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛2.5𝐷
𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛3𝐷
, =
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦3𝐷 − 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦2.5𝐷
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦3𝐷
 
 
Figure 30 Percentage error of surface deformation and velocity in 2.5D model 
 2.5D model have unexpectedly low percentage error with an average of 0.05% for both 
plots. This shows that the vibrational behavior of the 2.5D model are similar to the 3D model 
despite the difference in transducer shape. For further validation of the vibrational behavior, the 
results are compared with referred model. Since 3D model isn’t capable to be simulated at more 
than 20kHz frequency, only 2.5D model is compared to the referred model. Figure 31 shows the 
comparison of surface velocity of (a)2.5D model with the (b)referred model at the center of the 
transducer’s surface at 0-80kHz frequency range. 
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(a)    
(b)  
Figure 31 Surface velocity of (a) 2.5D and (b) referred model 
The result shows that there’s no similarity in the trend of the surface velocity plot between 
these models. In the referred model, amplitudes for both measurements fluctuate throughout the 
frequency where the peak amplitude is at around 55-60kHz. The result agrees with the 
specification of the transducer where the optimum operating frequency are at 50kHz. For 2.5D 
model, the surface velocity increases linearly throughout the frequencies with no fluctuation. The 
reason for this difference is, it is assumed that for the 2.5D model, the optimum operating 
frequency could be higher than the maximum frequency range analysed (80kHz).  Hence, the 
results couldn’t show the peak amplitude where the optimum operating frequency is. This 
assumption can’t be validated due to the limitation of computational resources available. 
Simulation at high frequency is required to identify the optimum operating frequency of the 
transducer and with the current available computational resources, only simulation up to 100kHz 
can be done in 2.5D. 
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An example of transducer with high optimum operating frequency is a curved ultrasonic 
transducer used in [39] by Chen et al. Figure 32(a) shows the pressure FRF plot of the curved 
transducer. Highest vibration response is observed at 362.5 kHz indicating its optimum operating 
frequency. Figure 32 (b) shows the FRF plot of phase vs frequency of the transducer. Based on the 
plot, the phase remains steady between 0 – 200kHz indicating no sudden increment in the velocity 
similar to the 2.5D model where no sudden increase in velocity amplitude is observed between 0 
– 80kHz. Drastic changes in phase occur at 200kHz and 360kHz where the later phase shift results 
in the highest vibration response for the transducer. 
 
Figure 32 FRF plot of curved ultrasonic transducer in [38] 
4.1.2 Pressure Field 
In this section, pressure field produced by transducer in 3D and 2.5D models at 16 and 
20kHz frequency are compared. Figure 33(a) and (b) show the comparisons between (i)3D and 
(ii)2.5D at 16 and 20kHz respectively. The result shows that the type of pressure fields produced 
by 3D and 2.5D are similar at both 16 and 20kHz. However, the amplitudes are observed to be 
different based on the color of the pressure field contour. The values at the side of the pressure 
field figure represents the amplitude for each color of the contour where red is the maximum and 
blue is minimum acoustic pressure amplitude. Furthermore, pressure fields of 2.5D model at 50 
and 60kHz are also plotted as shown in figure 34. 
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Figure 33 Comparison of pressure field of (i)3D and (ii)2.5D at (a)16 and (b)20kHz 
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Figure 34 Pressure field of 2.5D model at 50 and 60kHz 
 
Figure 35 Pressure field of referred model at 60kHz 
Comparing the pressure field of 2.5D at 20 and 60kHz, it is evident that at higher frequency, 
more sound pressures are produced. Furthermore, similarities can be seen between the pressure 
fields produced by the 3D and 2.5D models with the pressure field produced by referred model 
shown in figure 35. Pressure field produced has high pressure concentrated at the center of the 
transducer along the y-axis indicated by the red contour. Further from the center, the pressure 
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decreases. This agrees with the literature review regarding the wave radiation in Section 2.1.4 
stating that the pressure beam uniformly spreads out from the center as it moves further from the 
transducer’s surface 
Near to far field transitional point 
The near to far-field transition point described in Section 2.1.4 (Literature review) can be 
seen in figure 33 and 34 where there are fluctuations of pressure near the transducer’s surface. 
The pressure field started to stabilize only at a certain distance from the transducer. The labels 
indicate the measured maximum acoustic pressure and its distance from transducer. These results 
are compared with theoretical calculations of transition distance using equation 4 in Literature 
Review section. Percentage difference of the transitional point distance from the theoretical value 
for both 3D and 2.5D models are calculated using equation 14 and the results are recorded in table 
7. The maximum pressure measured for both models are also included in table 7. 
Equation 14 Near to far-field percentage difference 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒, % =
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑡ℎ𝑒𝑜𝑟𝑦 − 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒3𝐷/2𝐷
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑡ℎ𝑒𝑜𝑟𝑦
 
Frequency, 
kHz 
Maximum 
pressure, Pa 
Transitional point distance from 
transducer, mm 
Distance percentage 
difference 
3D 2.5D 3D 2.5D Theoretical 3D 2.5D 
16 0.349 0.235 21.4 32.2 29.2 26.7% 10.3% 
20 0.437 0.289 29.8 43.3 36.4 18.1% 19.0% 
50 - 0.724 - 111.8 91.1 - 22.7% 
60 - 0.875 - 133.8 109.3 - 22.4% 
Table 7 Results of near to far-field transitional point for 3D and 2.5D compared with theory 
 The result shows that the maximum pressure measured in 2.5D model is smaller than 3D 
model despite the same value of surface velocity and surface deformation. These differences in 
values might be due to the shape difference of the transducer modelled in 2.5D where it is infinitely 
long in z-direction. Comparing the transitional point from near to far-field, both models have 
different value of transitional point distance at all frequencies measured. The value difference 
between the models and theoretical value is relatively large with about 26.7% difference for test 
using 3D model at 16kHz and 10.3% using 2.5D model at 16kHz. It was expected for 2.5D model to 
have such large difference since the theoretical equation used (equation 4) is only for circular 
transducer but for 3D model, it is quite unexpected. 
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To gain more understanding on near and far-field zone, acoustic pressure is measured at 
various points in the zones at 0-20kHz frequency range for both 3D and 2.5D models. In the near-
field, acoustic pressures at 10 and 20mm away from the center of the transducer’s surface in y-
direction are measured. In the far-field, measurement at 110, 130 and 150 mm away from the 
center of the transducer’s surface in y-direction is taken. The measurement points are shown in 
figure 36. 
 
Figure 36 Measurement points of acoustic pressure 
 
Results of acoustic pressure are compared between the measurement points and are 
plotted in figure 37 where(a) is for 3D and (b) is for 2.5D. Graph of acoustic pressure comparison 
between 3D and 2.5D for measurement points in far-field are also plotted in figure 38. 
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(a)    
(b)   
Figure 37 Plot of acoustic pressure vs frequency for (a)3D and (b)2.5D in near and far-field zone 
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(a)  
(b)  
(c)  
Figure 38 Acoustic pressure comparison between 3D and 2.5D 
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The results are also compared with the referred model. Table 8 shows the maximum 
pressure measured in referred model in planes at 140, 160 and 180mm away from transducer 
surface in y-direction at 56, 57 and 58kHz. Figure 39 shows the acoustic pressure measured at 
plane 140mm from the transducer surface between 40-70kHz. 
Frequency, kHz Maximum pressure in measurement plane, Pa 
140mm 160mm 180mm 
56 33.4 32 30.3 
57 38.1 36.5 34.6 
58 35.7 34.4 32.7 
Table 8 Acoustic pressure in far-field of referred model 
 
 
Figure 39 Acoustic pressure of referred model at 140mm 
 Based on figure 37, all the acoustic pressure measured in the far-field zone has similar trend 
for both 3D and 2.5D. The acoustic pressure increases as the frequency increase throughout the 
whole frequencies. This corresponds to the surface velocity of the transducer measured in figure 
29 where the velocity also increases as the frequency increase. This agrees with the result of 
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referred model where the acoustic pressure of the referred model in figure 39 also corresponds to 
the surface velocity plot in figure 31 where it peaks at around 55-60kHz.  
 Furthermore, analyzing the relation between acoustic pressure and distance from 
transducer, plot of pressure at 150mm is measured to be the lowest throughout the whole 
frequency. This is followed by 130 and 110mm. This shows that the further the measurement 
points are from the transducer, the lower the acoustic pressure are. This is expected since the 
maximum acoustic pressure occurs at the transitional point. From this point onwards, the acoustic 
pressure starts to decrease as it gets further from the transducer’s surface. The results by referred 
model in table 8 also agrees with this observation. Pressures at 180mm are the lowest at all three 
frequencies followed by 160 and 140mm.  
 In the near-field however, there are fluctuations in the acoustic pressure throughout the 
frequencies for both 3D and 2.5D model. Based on figure 37, at 12.5kHz, the acoustic pressure at 
10mm measurement point starts to decrease. At 20mm, the acoustic starts to become constant as 
the frequency increases at 17500kHz. This is due to the fluctuations of pressure field in the near-
field zone explained previously in Section 2.1.4 making this zone unreliable to be used for analysis 
due to its uncertainty. 
Comparing the results of 3D and 2.5D model in figure 38, there are differences in amplitude 
where the acoustic pressure of 2.5D model is always higher than the 3D model for all the 
measurement points in far field zone. To investigate these differences, percentage errors of the 
acoustic pressure for the 2.5D model in relative to 3D model are calculated using equation 15. 
Results are plotted in figure 40. 
Equation 15 Acoustic pressure percentage error of 2.5D model 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟2.5𝐷 =
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒3𝐷 − 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒2.5𝐷
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒3𝐷
 
56 
 
 
Figure 40 Acoustic pressure percentage error of 2.5D model 
Despite the small percentage errors in the surface deformation and velocity of the 2.5D 
model, the acoustic pressure has unexpectedly high percentage errors with about 450% at 2kHz. 
However, the error shows a decline in trend where as the frequency increases, the percentage 
error decreases. At 20kHz, about 23% of errors are measured at 130mm measurement point. Even 
though this is still high, it is a significant decrease from the 450% error at 2kHz. Based on the results, 
equations of the trendlines for all measurement points are obtained as shown in table 9 where 𝑥 
is the frequency of analysis and 𝑦 is the percentage error. Using these equations, errors at higher 
frequency can be predicted as shown in table 10.  
Measurement point Trendline equation 
110mm 𝑦 = 2𝑒07 × 𝑥−1.372   
130mm 𝑦 = 5𝑒06 × 𝑥−1.218   
150mm 𝑦 = 3𝑒06 × 𝑥−1.129   
Table 9 Trendline equation of acoustic pressure percentage error 
Frequency, kHz Acoustic pressure percentage error prediction, % 
110mm 130mm 150mm 
20 25.12 28.86 41.81 
50 7.15 9.45 14.86 
100 2.76 4.06 6.79 
150 1.58 2.48 4.30 
200 1.07 1.75 3.11 
250 0.785 1.33 2.41 
Table 10 Prediction of percentage error of acoustic pressure at high frequency using trendline 
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From the trendline prediction of the acoustic pressure, it shows that at higher frequency, 
acoustic pressure percentage errors associated with the 2.5D model are considerably smaller for 
frequency above 150kHz. If based on this trendline prediction alone, the 2.5D model can be 
considered reliable for use at high frequency. However, there are limitations on using the 
trendlines for prediction as it only uses measurements of frequency only up to 20kHz. Using 
measurements only up to 20kHz to represent results at frequency more than 200kHz which is 10 
times larger is unreasonable.  
One of the reasons is at higher frequency, the transition of near to far-field zone of the 
acoustic field is further from the transducer’s surface. For example, at 200kHz, using equation 4, 
for a 50mm diameter transducer, the transition point for this frequency is at 364.4mm away from 
the transducer’s surface. This means that the measurement points used to predict the percentage 
errors is in the near-field zone for this frequency. Whereas the studies are done at far-field zone 
further from the near to far-field transitional point which is 36.4mm for a 20kHz frequency. Hence, 
using measurement points at 110, 130 and 150mm away from the transducer surface for up to 
20kHz can’t represent the percentage error predictions for higher frequency where the near to 
far-field transitional point is much further than the measurement points used. 
Furthermore, observing the acoustic pressure percentage errors for the three 
measurement points in figure 40, measurement point at 150mm has the highest percentage error 
throughout the whole frequency range followed by 130mm and 110mm. This means that the 
further the measurement points are from the transducer’s surface, the higher the error of the 
measured acoustic pressure in 2.5D model. Hence, it is not suitable to be used for high frequency. 
This is because at high frequency, the near to far-field transitional point is further from the 
transducer’s surface as shown in table 7. 
Based on the result, two conclusions are made: 
1) The accuracy of 2.5D in relative to 3D increases as the frequency increases 
2) At further distance from transducer, higher errors are obtained for the 2.5D model 
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4.1.3 Computational Cost 
This section shows the comparison of computational cost between 3D and 2.5D model. This 
includes the memory usage, file size and simulation time required to complete one simulation at 
various frequencies. At each frequency, the models are meshed using maximum element size 
allowed calculated using equation 11 and 12 and element type described in Section 3.3.1. Table 11 
shows the no of nodes and elements using said mesh for frequency between 10-22.5kHz for (a)3D 
model and 20-80kHz for (b)2.5D model.  
(a) 3D model 
Frequency, kHz Element size, mm nodes elements nodes/elements 
10 5.716 71663 47390 1.512 
12.5 4.573 139608 93997 1.485 
15 3.811 236513 160039 1.478 
17.5 3.266 372339 255326 1.458 
20 2.858 541469 373181 1.451 
22.5 2.540 756426 525693 1.439 
(b) 2.5D model 
Frequency, kHz Element size, mm nodes elements nodes/elements 
20 2.858 14494 1998 7.254 
30 1.905 31268 4360 7.172 
40 1.429 54036 7579 7.130 
50 1.143 84393 11880 7.104 
60 0.952 120926 17064 7.087 
70 0.816 164011 23184 7.074 
80 0.714 215669 30528 7.065 
90 0.635 271272 38437 7.058 
Table 11 No of nodes and elements based on element size 
Computational costs at different frequencies are also recorded as shown in table 12. For 
3D model, only results between 10 to 20kHz are simulated. At higher frequency, error occurred 
due to high computational resource required to solve the model. Error associated with this are 
discussed in the upcoming section. For 2.5D model, results between 20 to 90kHz are simulated.
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(a) 3D model 
Frequency, kHz Simulation time, s Memory usage, GB File size, MB 
10 10 1.323 53.06 
12.5 104 2.376 104.13 
15 200 2.116 176.50 
17.5 421 3.060 280.06 
20 675 4.656 408.13 
22.5 - - - 
(b) 2.5D model 
Frequency, kHz Simulation time, s Memory usage, GB File size, MB 
20 9 0.612 59.31 
30 15 0.644 130.13 
40 25 0.613 224.19 
50 43 0.796 349.56 
60 70 1.147 500.19 
70 109 1.566 678 
80 196 2.061 890.88 
90 475 2.652 1094 
Table 12 Computational cost of 3D and 2.5D models 
As expected, the computational cost increases as the frequency increases due to the 
increase in number of elements. Comparing 3D and 2.5D models, at 20kHz frequency, simulation 
time for 3D is 675s while for 2.5D, it only took 9s. This means that the 2.5D model are able to solve 
the simulation 75 faster than 3D model while using the same element type and size. Furthermore, 
solving for 90kHz in 2.5D still take less time to simulate than 3D at 20kHz. This makes 2.5D model 
much more efficient than 3D model. 
Since the results for 3D are only limited up to 20kHz, it is interesting to investigate how long 
it will take for it to complete simulations at higher frequency. Using results obtained, prediction of 
the 3D model simulation time can be made. This can be done by finding a relation between the no 
of nodes and elements with the simulation time. To do this, it is better to understand first the 
relationship between the number of nodes and elements. Using results in table 11, ratio of no of 
nodes/elements vs frequency for 3D model are plotted in figure 41. 
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Figure 41 Nodes/elements vs frequency of 3D model 
 The plot shows that the ratio of nodes/elements decrease linearly as the frequency 
increase. Next, the data of no of elements vs frequency is plotted as shown in figure 42. The no 
of elements increases quadratically with frequency. From this, trendline equation for no of 
elements at any given frequency can be obtained. The trendline equation obtained is: 
𝑛 = 0.0021𝑓2 − 30.422𝑓 + 142722 
Where n = no of elements and f = frequency. Since, the ratio of nodes/ elements is linear, the graph 
for node is not plotted as it will just show similar trend. 
 
Figure 42 Plot of no of elements vs frequency 
 Using the trendline equation from figure 42, no of elements at higher frequency can be 
predicted. Next, plot of simulation time against no of elements is obtained as shown in figure 43. 
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Figure 43 Plot of simulation time vs no of elements 
The trendline equation obtained are: 
𝑡 = 0.002𝑛 − 98.203 
Where t = simulation time and n = no of elements. Using these equations, simulation time at higher 
frequency can be predicted. Table 13 shows the results of the predictions. 
Frequency, kHz No of elements Simulation time, s Simulation time, hours 
70 8303182 16508 4.586 
80 11148962 22199 6.167 
90 14414742 28731 7.981 
250 123787222 247476 68.743 
Table 13 Simulation time prediction for 3D 
Frequency, kHz Simulation time in 3D, s Simulation time in 2.5D, s Ratio 
70 16508 109 151.45 
80 22199 196 113.26 
90 28731 475 60.48 
Table 14 3D and 2.5D simulation time comparison 
The prediction result shows that at 90kHz, the 3D model will take 60 times longer than 2.5D 
model to complete one simulation. This is a huge difference in computational efficiency between 
3D and 2.5D model. However, results may vary based on computer specification and meshing 
method. These results are only to provide an estimate on the total simulation time for 3D model 
at higher frequencies for comparison with 2.5D model used in this section. This section shows the 
huge advantage of using the 2.5D model to replace the 3D model. 
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Computational cost error 
Error faced due to high computational cost are often associated with the physical memory available 
(RAM) in the computer. Figure 44 shows some of the errors occurred when solving the model. 
 
 
Figure 44 Error due to lack of physical memory 
Besides, lack of RAM could also cause the elapsed simulation time to exceed the actual CPU 
simulation time required. Figure 45 shows the warning that the elapsed time exceeded the CPU 
time by 40%. Figure 46 shows the difference between elapsed time and CPU time. In figure 46, 
CPU time is 218s while the elapsed time is 362s which makes it 66% longer. 
 
Figure 45 Elapsed time exceeded CPU time warning 
 
Figure 46 Example of difference in elapsed and CPU time 
The error can be avoided by: 
1) Using simpler model to reduce the problem size such as using 2.5D model 
2) Increasing the physical memory of the computer. 
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4.1.5 Validity of the model 
Overall, there are resemblances between the 3D and 2.5D model and the referred model. 
The pressure fields produced are similar and the direct relationship between surface velocity and 
acoustic pressure is observed. This provide a verification on the validity of this model to be used 
for the study of interaction of ultrasonic wave and solid plate in Chapter 5. The study in Chapter 5 
are more focused on the type of interaction occurred rather than the amplitude of pressure 
produced. Accordingly, the amplitude of acoustic pressure produced by the transducer are 
irrelevant. Hence, this is the reason 2.5D model is used for the study rather than 3D model. The 
difference in the 2.5D and 3D models are only on the amplitude of the acoustic pressure. The 
pattern of pressure field produced and relationship between surface velocity and acoustic pressure 
are discovered to be similar. Hence, it is valid to use 2.5D model. Furthermore, using 2.5D model 
also proves to be beneficial due to the lesser computational cost required to solve the model and 
it’s ability so simulate for higher frequency than 3D model. 
64 
 
4.2 Mesh 
Validation on the choice of element type and size described in Section 3.3 are made here. Different 
element types are tested to show that the chosen element is the best choice. Convergence tests 
are also done to show that the element size used are able to produce accurate results. 3D model 
is used for the tests in this section. Other test parameters such as transducer material, voltage 
applied etc. are similar to the one used in previous section. The only difference is the meshing. 
4.2.1 Element type 
 This section shows the performance comparison between quadratic hexahedral (FLUID220, 
SOLID226, SOLID186) and tetrahedral (FLUID221, SOLID227, SOLID187) elements. To compare the 
performance, two model are meshed separately using the hexahedral and tetrahedral elements 
and solved at 20kHz frequency. Figure 47 shows the meshing for both models. Table 15 shows the 
no of nodes, elements and computational time taken to solve the model for each element type.  
 
Figure 47 Mesh structure of hexahedral and tetrahedral element 
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Hexahedral: FLUID220, SOLID226, SOLID186 Tetrahedral: FLUID221, SOLID227, SOLID187 
Nodes Elements Nodes/ 
Elements 
Time, 
minute 
Nodes Elements Nodes/ 
Elements 
Time, 
minute 
417618 191779 2.177 94 698995 508380 1.374 186 
Table 15 Hexahedral and Tetrahedral comparison 
Model with tetrahedral have higher number of elements, nodes and simulation time 
compared to hexahedral. This shows the efficiency of using the hexahedral elements for modelling 
simple geometry. As seen in figure 47, model with hexahedral elements have more uniform mesh 
compared to tetrahedral. This uniformity causes less elements required to create the model. Since 
hexahedral have less elements compared to tetrahedral, the simulation time is also less.  
Comparing the nodes/elements ratio, the ratio of tetrahedral model is lower than hexahedral. This 
is expected since tetrahedral only has 10 nodes per elements while the hexahedral has 20 nodes 
as shown in table 4 in Section 2.2.2 (Literature Review). 
To compare the accuracy between the two elements, acoustic pressure at 140m from the 
center of transducer’s surface are measured at frequency between 0 to 20000kHz. The result is 
shown in figure 48. The plotline for tetrahedral is not visible because it is overlaid by hexahedral 
plotline. This shows that similar results are produced using the two elements type. This means that 
the extra computational time when using tetrahedral is unnecessary since model with hexahedral 
elements already has good result accuracy. Hence, the hexahedral element (FLUID220, SOLID226, 
SOLID186) is the better choice for this model. 
 
Figure 48 Acoustic pressure comparison between Hexahedral and Tetrahedral element 
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4.2.2 Element size 
This section validates the requirement of element size to obtain accurate results mentioned 
in Section 3.3.2. This is done using a convergence test by varying the element size of the model. 
Hexahedral element is used for this study. The studies are done at 20 and 40kHz using 2.5D model. 
As described in Section 3.3.2 (Model Description), the maximum allowable element size is different 
for structural and fluid element hence, different element size is used for the two parts as shown in 
figure 20. For the two frequencies, based on equation 11 and 12, the maximum allowable element 
size is as follow: 
Part 20kHz 40kHz 
Fluid (6 elements/λ) 2.858mm 1.429mm 
Structural body (20 elements/λ) 0.857mm 0.428mm 
Table 16 Max mesh size allowed at 20 and 40kHz 
To validate the element size equations, two convergence tests are done for the fluid and 
structural body: 
1) For the convergence test on fluid, the fluid element size is varied between 2 to 9 elements 
per wavelength for both frequencies. The no of element per wavelength for structural 
body is constant at 20 elements 
2) For the convergence test on structural body, the structural body element size is varied 
between 10 to 20 elements per wavelength for both frequencies. The element size for 
fluid is constant at 6 elements per wavelength. 
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Fluid Domain 
Using the mentioned setup for fluid domain, acoustic pressure at 140mm away from the center of 
the transducer’s surface are measured. Figure 49 shows the results of convergence test for fluid’s 
element size.  
 
Figure 49 Convergence test for fluid domain element size 
Based on the convergence test result, it is seen that the acoustic pressure measured is not 
converged when the no of elements per wavelength used are less than six. For the case of 20kHz, 
the element size converged at acoustic pressure of 0.239Pa and for 40kHz, it converged at acoustic 
pressure of 0.681Pa both at six elements per wavelength. Observing the results before it 
converged, at 20kHz, a maximum pressure of 0.253Pa is measured when 3 elements per 
wavelength are used. This results in percentage error of 5.82%. For 40kHz, an acoustic pressure of 
0.658Pa is measured also when three elements per wavelength are used which results in a 
percentage error of 3.91%. These shows that the results before the acoustic pressure has 
converged is not accurate. Hence, it is important that the recommended no of element per 
wavelength is used. 
The findings that the acoustic pressure converged at six elements per wavelength is similar 
to the finding by Langer et al [19]. This validate the use of equation 11 to find the required element 
size to model the fluid. This means that for future work, convergence test to determine the 
required element size is not necessary anymore. Instead, equation 11 can be used directly to 
determine it which could save a lot of time. In addition, using smaller element size than the 
maximum allowed provides no benefit as the value of the acoustic pressure remains the same after 
it has converged. Instead, it will only increase the total simulation time which is not desired.  
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Figure 50 shows a pressure field produced at 40kHz when the element size requirement is 
not met. Figure 50 (a) is meshed with six elements per wavelength which meets the requirement 
and (b) three elements per wavelength. The contour of the pressure field in (b) is not as smooth 
as in (a). This is because element size used is not small enough to model the wavelength of the 
sound wave hence, the inaccurate result. It is concluded that for the fluid domain, the element size 
used will be determined using equation 11 as it will provide an accurate result whilst minimizing 
the simulation time required to obtain it. 
 
Figure 50 Pressure field when not enough elements per wavelength are used
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Structural Body 
Figure 51 shows the convergence test result for structural body 
 
Figure 51 Convergence test for structural body element size 
Based on figure 51, the plot trend does not show any convergence. However, when observing the 
difference of surface deformation between using 20 elements per wavelength and elements less 
than that, only a small difference in surface deformation is observed with about 0.00001E-9m. This 
shows that result has already converged. Similar behavior is also noted for 40kHz plot. Hence, this 
shows that the equation 12 defined in Section 3.3.2 is reliable for the modelling of structural body’s 
element size.
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4.3 Boundary Condition 
Validation tests on the boundary conditions used for transducer, symmetry and absorbing 
boundary condition described in Section 3.4 are presented in this section. Similar to previous tests, 
parameters used in this section is similar to the parameters in Section 4.1 unless otherwise stated. 
4.3.1 Transducer 
 This section shows the validation tests on the use of fixed support to represents the backing 
material instead of free support. Comparison between fixed and free support boundary condition 
are made to show the validity of using fixed support rather than free support. In the end, 
reasonings for this choice are given. In the free support model, no support is defined at the back 
of the active element hence, the surface is free to move. 
Surface deformation 
For each case of support, surface deformation in y-direction of the center of the transducer 
at frequency range between 0 to 40kHz are measured and the results are plotted as shown in figure 
52. (a) is for fixed support, (b) for free support and (c) shows the results for both. 
(a)    
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(b)  
(c)  
Figure 52 Graph of transducer's surface deformation in y-axis for (a) fixed support, (b) free support, (c) both support 
Figure 52 (a) & (b) shows that the deformation amplitude for both type of supports increase 
in a same trend throughout the frequency. When compared in a same figure, 52 (c), it shows that 
the amplitude of deformation using fixed support is about two times larger than the surface 
deformation using free support.  
Acoustic pressure produced 
To further study the effect of using each support, pressure fields produced by each case at 
20 and 40kHz of frequency are plotted as shown in figure 53 where (a) is for 20kHz and (b) is for 
40kHz and (i) is for fixed and (ii) is for free support.  
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Figure 53 Comparison of pressure field at 20 and 40kHz for both (a) fixed and (b) free support 
Figure 53 shows that similar pressure fields are produced by the front surface of the 
transducer at both frequencies using both supports. However, for free support, acoustic pressure 
is also produced at the back of the transducer marked by the box in figure 53 (ii). This is the reason 
why transducer with fixed support produced pressure two times larger than transducer with free 
support. For both model, same voltage is applied and for fixed supported transducer, deformation 
is only on one side of the active element but for free supported transducer, deformation on both 
sides of the active element occurred hence reducing the acoustic pressure produced at the front 
of the free supported transducer by half. 
Next, acoustic pressure at 140 millimeters away from the center of the transducer’s surface 
marked X in figure 53 is measured for both cases at frequency between 0-40kHz. The results are 
plotted in figure 54. 
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Figure 54 Comparison of acoustic pressure at measurement point marked X 
 To study the relation between the surface deformation and acoustic pressure produced by 
the transducer, a plot of acoustic pressure/surface deformation vs frequency is made as shown in 
figure 55. A quadratic trendline of the graph are plotted and its quadratic equations are shown in 
the figure. 
 
Figure 55 Acoustic pressure/surface deformation vs frequency 
Reasoning of using fixed support 
Results of the fixed and free support comparison shows that the deformation amplitudes 
for both models are different. However, the trend of amplitude increase across the frequencies is 
the same. The same results are also observed for the acoustic pressure measured in figure 54 
where the pressure increase as the frequency increase. For validation purpose, amplitude of 
transducer deformation or acoustic pressure produced is not of concerned. Instead, it is the type 
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of pressure field produced by the deformation that needs to be considered. From figure 55, the 
trendline quadratic equation for both type of supports is obtained. Fixed support has a trendline 
of 𝑦 = 3𝑒−11𝑥2 + 1𝑒−6 − 0.0027 while free support has a trendline of 𝑦 = 4𝑒−11𝑥2 + 1𝑒−6 −
0.0027. The only difference between these two equations is the coefficient of the 𝑥2 where free 
support has larger amplitude. This shows that both type of supports has similar correlation 
between the acoustic pressure and the transducer’s surface deformation. The difference is only on 
the amplitude of pressure produced. 
This correlation means that both type of supports can be used as the backing material 
boundary condition since they will produce similar results. However, the reason fixed support is 
chosen as the boundary condition is because, using this boundary condition deformation doesn’t 
occur at the back of the transducer. Using free support, the deformation at the back of the 
transducer produced unnecessary pressure field that could affect the results upfront of the 
transducer. This is not desired especially during the study of interaction between ultrasonic wave 
and solid plate as it will mislead the determination of location of maximum or minimum acoustic 
pressure within the air domain. Hence, the reasons why fixed support is chosen as the boundary 
condition at the bottom surface of the transducer. This is acceptable because the damping material 
is not included in this model since this analysis is in frequency domain. However, in future work, 
for analysis in time domain, the damping material will be required to introduce the damping effect. 
Hence, the surface at the back of active element must be set to free surface.
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4.3.2 Fluid Domain 
This section shows the results of validation tests for absorbing boundary condition used in 
the model described in Chapter 3. A comparison of pressure field produced by the transducer at 
40kHz between Radiation, PML and no absorbing boundary condition is shown in figure 56. For 
simplicity, the boundary of the air domain where the ABC is applied is called far-field surface. 
 
Figure 56 Pressure field using different ABC 
Purpose of Far-Field Boundary Condition 
Pressure field of model with no BC is observed to be completely different than the pressure 
field of models with Radiation and PML BC. It has an oscillating pattern of high and low pressure 
across the fluid domain. This pattern is due to constructive and destructive interference of waves 
caused by the reflection of pressure waves within the fluid domain. Since no boundary condition 
is defined, the fluid domain is modelled as closed system allowing no waves propagation out of the 
domain. This demonstrates the importance of having absorbing boundary condition defined at the 
boundary of the air domain to allow wave propagation outward into infinity. 
Radiation VS PML Boundary Condition 
Models with Radiation and PML BC almost have similar pressure fields. However, when 
carefully examined, there are disturbances in the pressure field produced by model with Radiation 
BC. Figure 57 shows a close-up comparison of pressure field between the two boundary conditions. 
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Figure 57(a) is for PML and figure 57(b) is for Radiation boundary condition. Pressure field in the 
highlighted red box of figure 57(b) appear to be disturbed compared to figure 57(a) which has a 
smooth contour. The disturbance observed is due to some of the waves reflected back into the 
fluid domain at its boundary. Hence, causing result inaccuracy for model with RBC. 
 
Figure 57 Comparison of pressure field between (a)PML and (b)Radiation BC 
Errors of Radiation BC 
To further investigate the difference between these two boundary conditions, acoustic 
pressure at certain points in the acoustic field are measured. Figure 58 shows the points in which 
the acoustic pressures are measured. Y is the distance between the measurement point and far-
field surface in y-direction. X is the distance between the measurement point and y-axis in x-
direction. Since PML BC has better accuracy than Radiation BC, percentage errors of acoustic 
pressure using Radiation BC in relative to PML are calculated using equation 16. Figure 59 shows 
the plot of percentage error of Radiation BC at the measurement points shown in figure 58. 
Equation 16 Percentage error of RBC 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟𝑅𝐵𝐶 =
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒𝑃𝑀𝐿 − 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒𝑃𝑀𝐿
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒𝑅𝐵𝐶
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Figure 58 Measurement points for pressure to compare RBC and PML 
 
Figure 59 Percentage error of RBC in relative to PML 
Initially, it was assumed that the further the measurement points are from the far-field 
surface, the less error using Radiation BC will be measured. The reason is that, most waves that 
lead to result inaccuracy are reflected at the far-field surface hence the higher measurement of 
error near the surface. However, this isn’t entirely true. Based on the results, this assumption holds 
true only for pressure at points between 0 < X < 25mm. 
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The percentage error for measurement at X = 0 and 25mm is higher than 0.5% only at 
measurement distance of Y = 20 mm from the far-field surface. At Y > 40 mm, the percentage error 
is below 0.5%. Whereas, at area far from y-axis (X = 50, 75mm), the percentage errors increased 
as the distance from the far-field surface increased. At X = 50mm, the percentage error is higher 
than 0.5% at Y > 45mm. At X = 75mm, the percentage errors reach up to 11%. The reason is at low 
pressure area (X > 50mm) indicated by blue contour in figure 58, slight change in pressure caused 
by the reflection of waves on the far-field surface will cause huge deviation from the actual 
pressure hence the high percentage error. This shows the importance of having all the outgoing 
waves to be fully absorbed by the far-field boundary condition. Errors caused by the reflected wave 
doesn’t only affect results near the far-field boundary but also throughout the whole air domain.  
As mentioned in Section 3.4.3, Radiation BC are most effective only at absorbing planar 
waves and waves that incident normal to the far-field boundary. In this simulation model, pressure 
waves produced by the transducer is not planar hence the error associated with it. This proves that 
the statements made by Howard & Cazzolato [20] regarding the requirements of using Radiation 
BC are true. Hence, for accuracy of results, PML boundary condition is the better choice. However, 
if minimizing simulation time is the priority, using Radiation boundary condition would be the 
better option since Radiation boundary condition doesn’t requires extra nodes and elements to 
model the far-field boundary condition. However, this will be at a cost of result accuracy. 
Computational cost 
Table 17 shows the comparison of computational cost for the two boundary conditions. As 
expected, PML boundary condition has higher computational cost than Radiation boundary 
condition due to the increase no of element in the model as explained in Section 2.2.3 (Literature 
Review). 
Boundary condition Simulation time, s Memory usage, MB File size, MB 
Radiation 49 941 367.63 
PML 60 1060 437.38 
Table 17 Computational cost of different far-field boundary conditions 
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PML Thickness Convergence Test 
As mentioned in Section 3.4.3, the PML thickness needs to follow certain requirements for 
accurate results. This section aims to validate these requirements by performing a convergence 
test on varying PML thickness. Acoustic pressure at three measurement points, x = 0, 25, 50mm 
along the boundary of air domain are measured as shown in figure 60 where x = 0mm is the center 
of the transducer in x-axis. The tests are done at 40kHz using element size calculated using 
equation 11 and 12. The PML thickness is varied between 0.5-7 element size. Results are shown in 
figure 61(a), (b) and (c). 
 
Figure 60 PML thickness convergence test measurement points 
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Figure 61 PML thickness convergence test 
First, notice in the highlighted zone of PML layer in figure 60, the contour drastically 
changes colour from high pressure colour to low pressure. At the end of the PML layer, the contour 
has blue colour which indicates there are zero pressure in the field. This shows that the acoustic 
waves are fully absorbed and radiated to far-field within this layer. Hence, it is important that the 
PML layer is thick enough to allow full waves absorption to far-field. Figure 61 shows that the result 
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converged at around three to four element/thickness. Less than this, the measured acoustic 
pressure is not converged yet. This validates the requirement mentioned by Howard and Cazzolato 
[20]. Hence, it is important that the conditions are followed for accurate results.  
Furthermore, it is also important that the no of element/PML thickness used does not 
exceed the required amount excessively as this can lead to increase in computational cost. This is 
particularly crucial for a 3D model where a small increase in thickness will significantly increase the 
no of elements and nodes of the model. Four or five no. of element/PML thickness is 
recommended. Nevertheless, at high frequency such as 200kHz, it is easier to satisfy the 
requirement since smaller element size is used. Hence, satisfying the requirement for PML 
thickness should be relatively easy at high frequency than low frequency. 
ABC section summary 
The results demonstrate the importance of having far-field boundary condition defined at 
the boundary of the air domain. Without this boundary condition, the model is essentially a close 
system where no wave can propagate out of the air domain. Analyzing the pressure fields of 
Radiation and PML boundary condition, PML is proved to have higher accuracy. However, 
simulation time for PML is also higher than RBC. Since result accuracy is the main priority, PML is 
chosen as the ABC for this model. Furthermore, to use the PML certain requirements need to be 
fulfilled to get the best accuracy and efficient computational cost. 
4.3.3 Symmetry 
This section shows the effect of using symmetry boundary condition explained in Section 3.4.5 to 
reduce the size of the model. Results of full model, half and quarter model are compared. Pressure 
field produced by the transducer at 10kHz for each symmetry condition are plotted in figure 62. 
The models are meshed using meshing method explained in Section 3.3 (Model Description). 
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Figure 62 Pressure field using of (a) full model, (b) half model, (c) quarter model 
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Similar contour is observed for all three models. All the colors of the contour also have 
almost the same magnitude seen at the left side of each model. This shows that using symmetry 
boundary condition is reliable as similar results are obtained. The computational time to solve each 
model is calculated as shown in table 18. 
Full Model Half Model Quarter Model 
442s 135s 13s 
Table 18 Computational time of model with different symmetry BC 
As expected quarter model has the lowest total computational time of about 13s which is 34 times 
lower than the computational time for full model. This shows the importance of using symmetry 
model whenever the model is axisymmetric to reduce the total computational cost without 
reducing accuracy of the result.
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Chapter 5: Interaction between Ultrasonic Wave and Solid 
Plate 
This chapter aims to study the interaction between ultrasonic wave and solid plate. 
Interaction such as impedance mismatch, reflection and propagation of wave at the air-plate 
interface are studied. Furthermore, this chapter also aims to demonstrate the capability of the 
simulation tool to easily implements different simulation setup. These are done by varying 
variables such as frequency, wave angle of incident and plate material to investigate its effect on 
the air-plate wave interaction. Model described in Chapter 3 is used for this study. All tests are 
done using 2.5D model. 
5.1 Flexible vs Rigid plate 
Effect of wave propagation can be observed by analyzing the wave interaction with flexible 
and rigid plate. Since no vibration can occur in rigid body, it is expected that no waves are 
propagated through it. Whereas, some waves will be propagated through the flexible body. This is 
the aim of the study in this section, to demonstrate the wave propagation from air to plate. Table 
19 shows the parameters used in this study. Figure 63 shows the test setup. This setup is used for 
studies in the upcoming sections as well. To model the rigid plate, fixed support is applied to all 
surface of the plate hence, no deformation can occur. For flexible plate, boundary condition 
described in Section 3.4.1 is used where fixed support is applied only at the edge of the plate. 
Parameters Description 
Angle of incident, ϴ 45o 
Plate material Aluminium 
Plate thickness, tp 5mm 
Plate length, Lp 150mm 
Transducer material Pzt4 
Transducer thickness 3.43mm 
Transducer length 50 
Voltage difference 30V 
Table 19 Parameter used for flexible vs rigid plate study 
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Figure 63 Setup for plate study 
To ensure that rigid and flexible plate are modelled correctly, deformation on both plates 
due to waves emitted from transducer are computed as shown in figure 64. The values on the left 
side of the figure represents the amplitude of deformation in meter for each colour of the contour. 
The magnitude of deformation shown is scaled to around 1e+10 to demonstrate the deformation 
mode clearly. Deformation can be seen on the flexible plate, whereas for rigid plate, no 
deformation is observed. This proves that the rigid and flexible plate are modelled correctly. 
 
Figure 64 Deformation of flexible and rigid body 
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Next pressure field produced above the plate is examined. Figure 65 shows the comparison 
of pressure field between studies on flexible and rigid plate. The pressure field produced in both 
tests is unexpectedly identical. Maximum pressure occurred near the center of the plate’s top 
surface. At this point, sound waves are compressed due to the reflection of wave at the plate’s top 
surface resulting in the maximum acoustic pressure. To further study the difference in results 
between flexible and rigid plate, acoustic pressure in the air domain near the center of transducer 
marked ‘X’ in figure 65 is measured. Measurement are taken between 20 – 40kHz. The results are 
plotted in figure 66. 
 
 
Figure 65 Pressure field on flexible and rigid plate at 40kHz 
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Figure 66 acoustic pressure at the center of flexible and rigid plate's surface 
 Acoustic pressure measured for rigid plate is higher than flexible plate throughout the 
whole frequency. The reason is, when acoustic waves incident on the surface of the rigid plate, all 
the waves are reflected, and none propagates through the plate. In contrast, at the surface of the 
flexible plate, some of the waves propagate through the plate. This cause a reduce in acoustic 
pressure in the air domain when compared to the rigid plate where all waves are reflected. Hence, 
the reason acoustic pressure measured at ‘X’ for rigid plate is higher than for flexible plate 
throughout the whole frequency range. 
5.2 Effect of frequency on plate deformation 
Next, effect of frequency on the plate deformation are studied. In this section and 
upcoming sections, flexible plate is used. In addition, similar parameters as in table 19 are also 
used. Average plate deformation due to ultrasonic wave emitted by transducer for frequency 
between 0-80kHz is studied. Figure 67 shows the amplitude of average plate deformation vs 
frequency.  
 
Figure 67 Average plate deformation vs frequency 
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Observing figure 67(a), deformation at low frequency (<10kHz) is significantly higher than 
frequency more than 20kHz making the results at high frequency hard to be analysed. Hence, the 
average deformation is scaled with log10 as shown in figure 67(b). Analyzing figure 67(b), even 
though there are fluctuations in the deformation amplitude across the frequency range, the trend 
generally shows a decrease in average plate deformation as the frequency increase. This is because 
at high frequency, the wavelength is smaller. At smaller wavelength, the waves get reflected easier 
as mentioned in Section 2.1.2. Hence, less waves propagate through the plate causing less plate 
deformation. Furthermore, the plate deformation mode and pressure field produced at different 
frequencies are plotted. Figure 68 shows the plate deformation at 40, 60 and 80kHz and Figure 69 
shows the pressure field produced at 40, 60 and 80kHz.  
 
Figure 68 Plate deformation at 40, 60 and 80kHz 
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Figure 69 pressure field at 40, 60 and 80kHz 
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Figure 68 shows that at 80kHz the plate deformation mode has the smallest wavelength 
followed by 60 and 40kHz corresponding to the ultrasonic wave frequency. Similar result can be 
seen in figure 69 where the pressure field at 80kHz has higher oscillation of high and low pressure 
compared to 40 and 60kHz. 
 
5.3 Effect of incident angle on plate deformation 
 In this section, the effect of varying the ultrasonic wave incident angle on the average 
amplitude of plate deformation is studied. Ultrasonic waves are emitted from transducer towards 
the test plate. The tests are done at 40kHz with other parameters remain constant as in table 19. 
The only parameter changed are the incident angle varied between 150 and 900. The average plate 
deformation for these incident angles are measured.  
Figure 70 shows the relationship between wave incident angle and plate deformation. 
Between 15 and 75o, the average plate deformation increases as the wave incident angle increases. 
This agrees with the theory of wave reflection where the larger the incident angle, less waves are 
reflected at the air-plate interface, and more waves are propagated through the plate. This causes 
the plate deformation to increase as the angle increase. However, at larger than 75o, the average 
plate deformation starts to decrease. This is because at this angle, destructive interference 
occurred between the reflected waves from air-plate interface and emitted waves from transducer 
which are propagating in opposite direction. Because of this destructive interference, the waves 
amplitude is smaller thus, decreasing the average plate deformation. 
 
Figure 70 Incident angle vs plate deformation 
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Furthermore, the pressure field produced at different incident angles, 300, 600 and 900 is 
also investigated. Figure 71 shows the pressure field produced by the transducer at these incident 
angles at 40kHz. 
 
 
92 
 
 
Figure 71 Pressure field produced at 300, 600 and 900 incident angle 
Observing figure 71, the waves are reflected at angle equal to the incident angle for 300 
and 600 incident angles. This agrees with Snell’s Law where it stated that the angle of reflected 
wave is the same with angle of incident. Furthermore, observing incident angle at 900, the emitted 
wave by transducer and wave reflected by plate is propagating in opposite direction. This causes 
the destructive interference mentioned previously. Analyzing the pressure, the maximum pressure 
at 900 indicated by the red contour only has amplitude of 0.6203Pa which is lower than 1.0624 and 
1.0418Pa for 300 and 600 respectively. This causes less deformation on the plate for 900 incident 
angle.
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5.4 Effect of material change on plate deformation 
 This section studies the effect of changing material plate on the plate deformation. Three 
different plate materials are tested which are stainless steel, aluminium and magnesium alloy. 
Ultrasonic waves are emitted towards the plate using parameters shown in table 19. The tests are 
done at 40kHz. Each material has different specific acoustic impedance as discussed in Introduction 
and Literature Review section. The acoustic impedance for stainless steel, aluminium and 
magnesium alloy are 45.45, 17 and 10.98MRayls respectively. This means that stainless steel has 
the highest impedance mismatch with air medium while magnesium has the lowest. Relation 
between acoustic impedance and average plate deformation are plotted in figure 72. 
  
Figure 72 Average plate deformation vs acoustic impedance 
The result shows that as the acoustic impedance increases, average plate deformation 
decreases. This agrees with the theory that as the impedance mismatch between two medium gets 
larger, more waves will be reflected at the interface. As stated before, the more waves reflected, 
the lower the average plate deformation. In the result, stainless steel has the lowest average plate 
deformation since it has the highest impedance mismatch with air followed by aluminium and 
magnesium.
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5.5 Chapter Summary 
The test on the flexible and rigid body shows the effect of wave propagation on the 
deformation of plate. When wave propagates through the plate, deformation occurs. This 
observation can be related to other studies done on different frequency, angle of incidence and 
plate material as well. As observed, the deformation of plate is lower when:  
1) Higher frequency of analysis is used 
2) Wave angle of incidence decreases 
3) Material with higher acoustic impedance is used 
As the frequency of analysis increases, wavelength of the sound waves gets smaller. Smaller 
wavelength makes the sound waves get reflected easier at the boundary of two different medium 
such as the air and plate. Since more waves are reflected at high frequency, less waves are 
transferred through the plate causing less deformation. This is one of the weakness of air-coupled 
transducer, the effective frequency for this type of transducer coupling are much lower compared 
to other transducer such as water and contact transducer. Since, higher frequency means smaller 
defect can be detected by the ultrasonic wave, air-coupled transducer is only limited to analysis of 
defect with larger size compared to fluid and contact transducer. 
Same observation can be made on the effect of wave angle of incidence. As mentioned 
previously, as wave incident angle gets smaller, sound waves get reflected easier. This causes less 
wave propagation through the plate thus less plate deformation is observed. Finally, in the test of 
different material, Magnesium has the lowest specific acoustic impedance followed by aluminium 
and stainless steel. This means that magnesium plate has the lowest acoustic impedance mismatch 
at the interface between air and plate’s surface. Thus, among the three materials, most waves are 
propagated through the air-magnesium plate interface causing it to have the highest average 
surface deformation. This shows the effect of acoustic impedance mismatch on the reflection and 
propagation of sound wave as described in Section 2.1.3.  
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Chapter 6: Conclusion and Recommendation 
6.1 Conclusion 
The aim of this thesis is to develop a finite element tool capable of studying the interaction 
of air-coupled ultrasonic wave and solid plate with great accuracy and computational efficiency. 
This has been a success and the reliability of the developed simulation tool has been validated. This 
is done through series of tests on various aspects of the modelling such as the element type, size 
and boundary conditions. For the element aspects, computational efficiency and result accuracy 
are achieved through the use of quadratic hexahedral element with 6 and 20 elements per 
wavelength for fluid and structural body respectively. For absorbing boundary condition, PML is 
proven to provide better accuracy than RBC with only slight increase in computational cost through 
optimizing the PML layer thickness.  
More computational efficiency has been achieved by applying symmetry boundary 
condition and 2.5D model. The application of symmetry boundary condition has no impact on 
result accuracy whatsoever whilst considerably reducing the computational cost. 2.5D model on 
the other hand, might have some differences in the amplitude of acoustic pressure produced in 
relative to 3D model, however, the overall behavior of wave produced is similar to the 3D model 
thus validating the use of 2.5D model in place of 3D model for validation test. The 2.5D model has 
not only helped minimizing the computational cost but it has also overcome the limitation of 3D 
model where it is only capable for simulation of up to 20kHz. On the other hand, 2.5D model is 
capable of simulating up to 100kHz using the same computer specification which opens up the 
opportunity for studies at high frequency. The only limitation of 2.5D is in its infinitely long 
rectangular shape hence it can’t be used for modelling of real-life transducer. 
 Furthermore, the studies done on interaction between air-coupled ultrasonic wave and 
solid plate have shown the effect of using different test parameters on the wave-plate interaction. 
In the study of rigid vs flexible plate, the effect of wave propagation from air medium to solid plate 
is demonstrated. For change in frequency, it is shown that at higher frequency, more waves are 
reflected. This is also the case for change in incident angle and plate material. At smaller incident 
angle and for material with high impedance mismatch with air, more waves are reflected at the 
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air-plate interface. The tests done on various parameters have also shown the practicality of using 
this simulation tool for various test setups which would otherwise be time-consuming and 
expensive through experimental work. Overall, the model developed is proved to be reliable and 
could become the foundation for future study regarding the use of finite element model to study 
the interaction between air-coupled ultrasonic waves and solid plate. 
6.2 Recommendations for Future Work 
The following are recommendations for future work regarding finite element modelling of 
ultrasonic testing: 
1) Finite element modelling in the time domain using transient analysis instead of harmonic. 
Transient analysis is more appropriate for modelling the transducer vibrational behavior 
where the vibration amplitude damps out over time due to the backing material. Using 
transient analysis, more accurate model can be tested, and model based on a real-life 
transducer can be developed. If real-life transducer can be developed, this opens up 
opportunity for testing on different transducer characteristic such as the type of matching 
layer backing material used. 
2) Developing an appropriate 2D model using Mechanical APDL in ANSYS. 2.5 model 
developed in this thesis has limitation on the shape of the transducer hence it’s not capable 
to model real-life transducer. However, if an appropriate 2D model is developed, this will 
be hugely beneficial in terms of computational cost. 
3) Simulation on different types of wave propagation through the plate such as bulk wave and 
lamb wave. 
4) Modelling of receiver transducer and conversion of ultrasonic wave to electrical signal. This 
way, effect of impedance mismatch can be studied in more details. 
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